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ABSTRACT 

Fundamentals  of  shipboard  machinery,  equipment, 
engineering  plants  are  presented  in  this  text  prepared  for 
engineering  officers.  Ik  general  description  is  included  of  the 
development  of  naval  bhips,  ship  design  and  construction,  stability 
and  buoyancy,  and  damaga  and  casualty  control.  Engineering  theories 
are  explained  on  the  background  of  ship  propulsion  and  steering, 
lubrication  systems,  measuring  devices,  thermodynamics,  and  energy 
exchanges.  Conventional  steam  turbine  propulsion  plants  are  presented 
in  such  units  as  machinery  arrangement^  plant  layout,  piping  systems, 
propulsion  boilers  and  their  fittings  and  controls,  steam  turbines, 
and  heat  transfer  apparatus  in  condensate  and  feed  systems*  General 
principles  of  diesel,  gasoline,  and  gas  turbine  engines  are  also 
provided.  Moreover,  nuclear  power  plants  are  analyzed  in  ^erms  of  the 
fission  process,  reactor  control,  and  naval  nuclear  power  plant. 
Auxiliary  equipment:  is  also  described.  The  text  is  concluded  by  a 
survey  of  newly  developed  hull  forms,  propulsion  and  steering 
devices^  direct  energy  conversion  systems,  combined  pqwer  plants, 
central*  operations  systems,  ahd  f uel  conversion  programs. 
Illustrations  for  explanation  purposes  are  also  given.  (CC) 
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PREFACE 


This  text  provides  an  introduction  to  the  theory  and  design  of  engineer- 
ing machinery  and  equipment  aboard  ship.  Primary  emptiasis  is  placed 
on  helping  the  student  acquire  an  overall  view  of  shipboard  engineering 
plants  and  an  understanding  of  basic  theoretical  considerations  that 
underlie  the  design  of  machinery  and  equipment.  Details  of  Qperation, 
maintenance^  and  repair  are  not  included  in  this  text. . 

The  text  is  divided  into  five  major  parts.  Part  I  deals  with  the  devel- 
opment of  naval  ships,  ship  design  and  construction,  stability  and  buoyancy 
of  ships,  and  preventive  and  corrective  damage  control.  Certain  theoreti- 
cal considerations  that  apply  to  virtually  all  engineering  equipment  are 
discussed  in  part  !!•  Part  ni  takes  up  the  major  units  of  machinery  in  the 
main  propulsion  cycle  of  the  widely  used  steam  turbine  propulsion  plant. 
Auxiliary  machinery  and  equipment  are  discussed  in  part  IV.  Other  types 
of  propulsion  machinery,  togetherwithabrief  survey  of  new  developments 
in  naval  engineering,  are  considered  in  part  V.  In  addition  to  these  five 
major  parts,  the  text  includes  an  appendix  which  surveys  and  briefly 
describes  a  niunber  of  references  that  should  be  of  value  to  engineering 
officers. 

This  text  was  prepared  by  the  Training  Publications  Division,  Naval 
Personnel  Program  Siqnport  Activity,  Washington,  D.  C,  for  the  Bureau 
of  Naval  Personnel.  Review  of  the  manuscript  and  i^chnical  assistance 
were  provided  by  Officer  Candidate  School  at  Newport,  Rhode  Island; 
Naval  Development  and  Training  Center,  San  Diego,  California;  Service 
School  Command,  Great  Lakes,  Illinois;  and  Naval  Ship  Systems  Command. 
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PART  l-THE  NAVAL  SHIP 


Chapter  1  The  Development  of  Naval  Ships 

Chapter  2  Ship  Design  and  Construction 

Chapter  3  Stability  and  Buoyancy 

Chapter  4  Preventive  and  Corrective  Damage  Control 


The  four  chapters  included  in  this  part  of  the  text  dekl  primarily  with 
the  ship  as  a  whole,  rather  than  with  specific  items  of  engir^eering  equip- 
ment. Most  of  the  information  given  in  this  part  applies  to  naval  ships  in 
general,  without  regard  to  the  type  of  ship  or  the  type  of  propulsion  plant 
employed. 

Chapter  1  provides  a  brief  historical  survey  of  the  development  of 
naval  ships.  Chapter  2  takes  up  basic  design  considerations,  ship  flota- 
tion, ship  structure,  compartmentation,  and  the  geometry  of  the  ship. 
Chapter  3  deals  with  the  basic  principles  of  stabUity  and  buoyancy;  al- 
though this  Information  is  largely  theoretical,  it  is  essential  for  a  true 
tmderstanding  of  the  naval  ship  and  for  an  understanding  of  many  aspects 
of  damage  contrdl.  Chapter  4  is  concerned  with  preparations  to  resist 
damage,  t'lo  damage  control  organization,  material  conditions  of  readi- 
ness, the  investigation  of  damage,  the  control  of  damage,  and  certain 
aspects  of  nuclear,  biological,  and  chemical  defense. 
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CHAPTER  1 

THE  DEVELOPMENT  OF  NAVAL  SHIPS 


The  story  of  the  develq[>ment  of  naval  ships 
is  the  story  of  prime  movers:  oars,  wind-filled 
sails,  reciprocating  steam  engines,  steam  tur- 
bines, internal  combustioi>  engines,  gas  turbine 
engines.  R  is  also  the  story  of  the  conversion 
and  utilization  of  energy:  mechanical  energy, 
thermal  energy,  chemical  energy,  electrical 
energy,  nuclear  energy.  Seen  in  broader  con- 
text, the  develq[>ment  of  naval  sh^ps  is  merely 
one  fascinating  aspect  of  man's  long  struggle 
to  control  and  utilize  energy  and  thereby  re- 
lease himself  from  the  limiting  slavery  of 
physical  labor. 

We  have  come  a  great  distance  in  the 
search  for  the  better  utilization  of  energy, 
from  the  muscle  power  required  to  propel  an 
ancient  Mediterranean  galley  to  the  vast  re- 
serves of  power  available  in  a  shipboard  nuclear 
reactor.  No  part  of  this  search  bzB  been  easy; 
progress  has  been  slow,  difficult,  and  often 
beset  with  frustrations.  And  the  search  is  far 
from  over.  Even  within  the  next  few  year3»  new 
developments  may  drastically  change  our  pres- 
ent concepts  of  energy  utilization. 

This  chapter  touches  briefly  on  some  of  the 
hig^ig^ts  in  the  development  of  naval  ships. 
In  any  historical  survey,  it  is  inevitable  that  a 
few  names  will  stand  out  and  a  few  discoveries 
or  inventions  will  appear  to  be  of  crucial  sig- 
nificance. We  may  note,  however,  that  our 
present  complex  and  efficient  fighting  ships 
are  the  result  not  only  of  brilliant  work  by  a 
relatively  small  number  of  well  known  men  but 
also  of  the  steady,  ccmtinuing  work  of  thousands 
of  lesser  known  or  anonjrmous  contributors  who 
have  devised  small  but  important  improvements 
in  exiiMing  machinery  and  equipment.  The  primi- 
tive man  who  invented  the  wheel  is  often  cited 
as  an  unknown  genius;  we  might  do  w^r^to 
remember  also  the  unknown  genius  who  dis-  . 
covered  that  wheels  work  better  when  they  turn 
in  bearings.   Similarly,  the  basic  concepts 


involved  in  the  design  of  steam  turbines,  internal 
combustion  engines,  and  gas  turbine  engines  may 
be  attributed  to  a  few  men;  but  the  innumerable 
small  improvements  that  have  residted  in  our 
present  efficient  machines  are  very  largely 
anonymous. 

THE  DEVELOPMENT  OF  STEAM 
MACHINERY 

One  of  the  earliest  steam  machines  of  record 
is  the  aeolipile  develq[>ed  about  2000  years  ago 
by  the  Greek  mathematician  Hero.  This  ma- 
chine, which  was  actually  considered  more  of  a 
toy  or  novelty  than  a  machine,  consisted  of  a 
hcdlow  sphere  which  carried  four  bent  nozzles. 
The  3phere  was  free  to  rotate  on  the  tubes  that 
carried  steam  from  the  boiler,  below,  to  the 
sphere.  As  the  steam  flowed  out  through  the 
nozzles,  the  sphere  rotated  rapidly  in  a  direction 
opposite  to  the  direction  of  steam  flow.  Thus 
Hero's  aeolipile  may  be  coiisidered  as  the 
world's  first  reaction  turbine.^ 

Giovanni  Dattista  della  Porta's  treatise  on 
pneumatics  (16011  >  describes  and  illustrates  a 
device  which  utilizes  steam  pressiure  to  force 
water  up  ftom  a  separate  vessel.  In  the  same 
treatise,  the  author  suggests  that  the  condensa- 
ti(xi  of  steam  could  be  used  to  create  a  vacuum, 
and  that  the  Vaicuum  could  be  utilized  to  draw 
water  upward  from  a  lower  level— a  remarkably 
scqphisticated  conccjr/t,  for  the  time. 

Throu^out  the  ITth  century,  many  otherde- 
vices  were  suggested  (and  some  of  them  built) 
which  attempted  to  utilize  the  motive  power  of 
steam.  Iii  many  instances  the  scientific  princi- 
ples were  sound  but  the  technology  of  the  day 
did  not  permit  full  development  of  the  devices. 


^Hero%  aeolipile  is  illustrated  in  chqiter  12  of  this 
text. 
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In  1698,  Thomas  Savery  patented  a  condens- 
ing steam  engine  which  was  designed  to  raise 
water.  This  machine  consisted  of  two  displace- 
ment chambers  (or  one,  in  some  models),  a 
main  boiler,  a  supplementary  boiler,  and  iqp- 
pr(q[)riate  piping  and  valves.  The  operating 
principles  are  simple,  though  most  ingenious  for 
the  time.  When  steam  is  admitted  to  one  of  the 
displacement  vessels,  it  displaces  the  water 
and  forces  it  upward  through  a  check  valve. 
When  the  displacement  vessel  has  been  emptied 
of  water  by  this  method,  the  stq;>ply  of  steam  is 
cut  off.  The  steam  already  in  the  displacement 
vessel  is  condensed  as  cold  water  is  sprayed 
on  the  outside  surface  of  the  vessel.  The  con- 
densation of  the  steam  creates  a  vacuum  in  the 
displacement  vessel,  and  the  vacuum  causes 
more  water  to  be  drawn  up  through  suction 
piping  and  a  check  valve.  When  the  displacement 
vessel  is  again  full  of  water,  steam  is  again^  - 
admitted  to  the  vessel  and  the  cycle  is  repeated, 
bi  a  model  with  two  displacement  chambers,  the 
cycles  are  alternated  so  that  one  vessel  is  dis- 
charging water  tqpward  while  the  other  is  being 
filled  with  water  drawn  tqp  through  the  suction 
pipe. 

Although  technological  difficulties  prevented 
Savery's  engine  from  being  used  as  widely  as 
its  inventor  v;ould  have  liked,  it  was  success- 
fully used  for  pumping  water  into  buUdings,  for 
filling  fountains,  and  for  other  applications  which 
required  a  relsdively  low  steam  pressure.  The 
machine  was  originally  designed  as  a  device  for 
removing  wmer  from  mines,  and  Savery  was 
convinced  that  it  would  be  suitable  for  this 
purpose,  ft  was  never  widely  used  in  mines, 
however,  because  very  high  steam  pressiures 
would  have  been  required  to  lift  the  water  the 
required  distance.  The  metalworking  skills  of 
the  time  were  simply  not  tip  to  producing  suitable 
pressure  vessels  for  containing  steam  at  high 
pressures. 2 

Although  Savery's  machine  was  used  throug^i- 
out  the  18th  century  and  well  into  the  19th  cen- 
tiury,  two  new  steam  engines  had  meanwhile 
made  their  appearance.  The  first  of  these, 
Newcomen's  "atmospheric  engine,^'  represents 
a  real  breakthrough  in  steam  machinery.  Like 


^It  is  reported  that  Savery  attempted  to  use  steam 
pressures  as  high  as  8  or  10  atmospheres.  When  one 
considers  the  weakness  of  bis  pressure  veMels  and 
the  total  laok  of  safety  values,  it  i4>pears  somewhat 
remarkable  that  he  survived. 
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Savery's  device,  the  Newcomen  engine  was 
originally  designed  for  removing  water  from 
mines,  and  in  this  it  was  highly  successful. 
However,  the  significance  of  the  Newcomen 
engine  goes  far  beyond  mere  pumping.  The  sec- 
ond was  the  Watt  engine,  which  brought  the 
reciprocating  steam  engine  to  the  point  where  it 
could  be  used  as  a  prime  mover  on  land  and  at 
sea. 

The  Newcomen  engine  was  the  first  workable 
steam  engine  to  utilize  the  piston  and  cylinder. 
As  early  as  1690,  Denis  Papin^  had  suggested 
a  piston  and  cylinder  arrangement  for  a  steam 
engine.  The  piston  was  to  be  raised  by  steam 
pressure  from  steam  generated  in  the  bottom  of 
the  cylinder.  After  the  piston  was  raised,  the 
heat  would  be  removed  and  condensation  of 
steam  in  the  bottom  of  the  cylinder  would  create 
si  vacuum.  The  downward  stroke  of  the  piston 
would  thus  be  caused  by  atmospheric  pressure 
acting  on  tqp  of  the  piston.  Papin's  theory  was 
good  but  his  engine  turned  out  to  be  unworkable, 
chiefly  because  he  attempted  to  generate  the 
steam  in  the  bottom  of  the  cylinder.  WhenPapin 
heard  of  Savery's  engine,  he  stepped  working  on 
his  own  piston  and  cylinder  device  and  devoted 
himself  to  improving  the  Savery  engine. 

The  Newcomen  engine,  shown  in  figure  1-1, 
was  built  by  Thomas  Newcomen  and  his  assist- 
ant, John  Cawley,  in  the  early  part  of  the  18th 
century.^  The  Newcomen  ene^e  differs  from 
the  engine  suggested  by  Papin  in  several  impor- 
tant respects.  Most  important,  perhaps,  is  the 
fact  that  Newcomen  separated  the  boiler  from 
the  cylinder  of  the  engine. 

As  may  be  seen  in  figure  1-1,  the  boiler  is 
located  directly  under  the  cylinder.  Steuoi  is 
admitted  throu^  a  valve  to  the  bottom  of  the 
cylinder,  forcing  the  piston  iq;).  The  piston  is 
connected  by  a  chain  to  the  arch  on  one  side  of 
a  large,  pivoted,  working  beam.  The  arch  onthe 
other  side  of  the  beam  is  connected  by  a  chain 
to  the  rod  of  a  vertical  lift  pump. 


8pi4)in  is  also  credited  with  the  invention  of  the  safety 
valve. 

^The  year  1712  is  frequently  given  as  the  date  of  the 
Newoomen  engine,  and  it  is  probably  the  year  in  which 
the  engine  was  first  demonstrated  to  a  large  public. 
It  is  likely,  however,  that  previous  versions  of  the 
engine  were  built  at  a  considerably  earUer  date,  and 
some  authorities  give  the  year  1705  as  the  date  of  the 
Newoomen  engine. 
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Figure  l-l.»The  Newcomen  engine. 


After  the  steam  has  forced  the  piston  to  its 
top  position,  the  steam  valve  is  shut  and  a  jet  of 
cold  water  enters  the  cylinder,  condensing  the 
steam  and  creating  a  partial  vacuum.  Atmos- 
pheric pressure  then  causes  the  down  stroke 
(woik  stroke)  of  the  piston. 

As  the  piston  comes  down,  tlie  working  beam 
is  pulled  down  on  the  cylinder  side.  As  the  beam 
rises  on  the  pump  side,  the  pump  rodalso  rises 
and  water  is  lifted  upward.  As  soon  as  the  pres- 
sure in  the  cylinder  equals  atmospheric  pres- 
sure, an  escBpe  valve  in  the  bottom  of  the  cylin- 
der opens  and  the  condensate  is  discharged 
through  a  drain  line  into  a  siunp. 

The  use  of  automatic  valve  gear  to  control 
the  admission  of  steam  and  the  admission  of 
ccfld  water  made  the  Newcomen  engine  the  first 
self-acting  mechanism  since  the  invention  of  the 
clock.  In  the  earliest  versions  of  the  Newcomen 


engine.  It  is  most  likely  that  the  admission  of 
steam  and  cold  water  was  controlled  by  the 
manual  operation  of  taps  rather  than  by  auto- 
matic gear.  The  origin  of  the  automatic  gear 
is  a  matter  of  some  dispute.  One  story  has  it 
that  a  young  boy  named  Humphrey  Potter,  who 
was  hired  to  turn  the  tiqps,  invented  the  valve 
gear  so  that  he  could  go  fishing  while  the  engine 
tended  itself.  This  story,  although  persistent, 
is  considered  ''absurd'^  by  some  serious  his- 
torians of  the  steam  engine.^ 

3b  tOB  Watt,  although  often  given  credit  for 
invent  )^iig  the  steam  engine,  did  not  even  begin 
working  on  steam  engines  until  some  50  years 


^See»  for  example,  Eugene  S.  Ferguson.  '*The  Origins 
of  the  Steam  Engine/*  Scientifio  American.  January 
1964.  pp.  98-107. 
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or  80  after  the  Newcomen  engine  was  opera- 
tional. However,  Watt's  brilliant  and  original 
contributions  were  ultimately  responsible  for 
the  utilization  of  steam  engines  inawide  variety 
of  applications  beyond  the  simple  pumping  of 
water. 

In  1799  Watt  was  granted  a  patent  for  certain 
improvements  to  ''fire-engines''  (Newcomen 
engines).  Since  some  of  these  improvements 
represent  major  contributions  to  steam  engi- 
neeringi  it  may  be  of  Interest  to  see  how  Watt 
himself  described  the  improvements  In  a  speci- 
fication: 


/'My  method  of  lessening  the  consunqption  of 
steam,  and  consequently  fuel,  in  fire-engines, 
consists  of  the  following  principles:— 

"First.  That  vessel  In  which  the  powers  d 
steam  are  to  be  employed  to  work  the  engine, 
which  is  called  the  cylinder  in  common  fire- 
engines,  and  which  I  call  the  steam  vessel, 
must,  during  the  whole  time  the  engine  is  at 
work,  be  kept  as  hot  as  the  steam  that  enters 
it;  first  by  inclosing  it  in  a  case  of  wood,  or 
any  other  materials  that  transmit  heat  slowly; 
secondly,  by  surrounding  it  with  steam  or  other 
heated  bodies;  and  thirdly,  by  suffering  neither 
water  nor  any  other  substance  colder  than  the 
steam  to  enter  or  touch  It  during  that  time. 

"Secondly.  In  engines  that  are  to  be  worked 
wholly  or  partially  by  condensation  of  steam, 
the  steam  is  to  be  condensed  in  vessels  disllnct 
from  the  steam-vessels  or  cylinders,  although 
occasionally  commimicating  with  them;  these 
vessels  I  call  condensers;  and,  whilst  the  en- 
gines are  working,  these  condensers  ought  at 
least  to  be  kept  as  cold  as  the  air  in  the  neigh- 
bourhood of  the  engines,  by  application  of  water 
or  other  cold  bodies. 

"Thirdly,  Whatever  air  or  other  clastic 
vapour  IS  not  condensed  by  the  cold  of  the  con- 
denser, and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam-vessels 
or  condensers  by  means  of  piunps,  wrought  by 
the  engines  themselves  or  otherwise. 

"Fourthly,  I  Intend  in  many  cases  to  employ 
the  expansive  force  of  steam  to  press  the 
pistons,  or  whatever  may  be  used  instead  of 
them,  in  the  same  manner  In  which thepressure 
of  the  atmosphere  is  now  emploj^oi  in  conunon 
fire-engines,  b  cases  where  cold  water  cannot 
be  had  in  plenty,  the  engines  may  be  ^Toug^  by 


this  force  of  steam  only,  by  discharging  the 
steam  into  the  air  after  It  has  done  Its  office." 

As  a  result  of  these  and  other  improvements, 
the  Watt  engine  achieved  an  efficiency  (In  terms 
of  ftiel  consumption)  which  was  twice  that  of  the 
Newcomen  engine  at  its  best.  Among  the  other 
major  contributions  made  by  Watt,  the  following 
were  particularly  significant  in  the  development 
of  the  steam  engine: 

1.  The  development  of  devices  for  translat- 
ing reciprocating  motion  Into  rotary  motion. 
Although  Watt  was  not  the  first  to  devise  such 
arrangements,  he  was  the  first  to  apply  them 
to  the  task  of  making  a  steam  engine  drive  a 
revolving  shaft.  This  ope  Improvement  alone 
qpened  the  way  for  the  application  of  steam 
engines  to  many  uses  other  than  the  pumping  of 
water;  in  particular,  it  paved  the  way  for  ITifi 
use  of  steam  engines  as  propulsive  devices. 

2.  The  use  of  a  double-acting  piston— that 
is,  one  whicb  {a  moved  first  in.,  one  direction 
and  then  in  the  opposite  direction,  as  steam  Is 
admitted  first  to  one  end  of  the  cylinder  and  then 
to  the  other. 

3.  The  development  of  parallel-motion  link- 
ages to  keep  a  piston  rod  vertical  as  the  beam 
moved  in  an  arc. 

4.  The  use  of  a  centrifugal  "flyball''  j^C't- 
ernor  to  control  the  speed  of  the  steam  eiyglne. 
Although  the  centrifugal  governor  had  beenused 
before.  Watt  brought  to  It  the  completely  new- 
and  very  significant— concept  of  feedback,  bi 
previous  use,  the  centrifugal  governor  had  been 
capable  of  making  a  machine  automatic;  by  add- 
ing the  feedback  principle.  Watt  made  his  ma- 
chines self-rej;ulating.6 

Neither  Newcomen  nor  Watt  were  able  to 
utilize  the  advantages  of  high  pressure  steam, 
largely  because  a  copper  pot  was  about  the  best 
that  could  be  done  in  the  way  of  a  boiler.  The 
first  high  pressure  steam  engines  were  built  by 


^The  distinotion  between  automatic  machines  and 
self-regulating  machines  is  of  considerable  signifi- 
cance. An  automatic  pump,  for  example,  can  operate 
without  a  human  attendant  but  it  cannot  change  its  mode 
of  operation  to  tit  changing  requirements.  A  self- 
regulating  pump,  on  the  other  hand,  operates  auto- 
matically, and  can  change  its  speed  (or  some  other 
oharaoteristic)  to  meet  increased  or  decreased  de- 
mands for  the  fluid  beittg  pumped.  To  be  self-regulat- 
ing, a  machine  must  have  some  type  of  feedback 
information  from  the  output  side  of  the  machine  to 
the  operating  mechanism. 


6 
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Oliver  Evans,  In  the  United  States,  and  Richard 
Trevethlck,  In  England.  The  Evans  engine, 
which  was  buUt  in  1804,  had  a  vertical  cylinder 
and  a  double-acting  piston.  A  boUer,  made  of 
copper  but  reinforced  with  Iron  bands,  provided 
steam  at  pressures  of  several  atmospheres. 
The  boUer  was  one  of  the  first  ^'fire-tube" 
boilers;  the  ''tubes''  were  actually  flues  which 
were  installed  in  such  a  way  as  to  carry  the 
combustion  gases  several  times  through  the 
vessel  in  which  the  water  was  being  heated. 
This  type  of  boiler,  with  many  refinements  and 
variations,  became  the  basic  boUer  design  of  the 
19th  century.  Trevethick,  using  a  similar  type  of 
boUer,  built  a  successful  steam  carriage  in 
1801;  in  1804,  he  buUt  what  was  probably  the 
first  modem  type  of  steam  locomotive. 

Continuing  efforts  by  many  people  led  to 
steady  inq^rovements  In  the  steam  engine  and  to 
its  eventual  qn>llcatlon  as  a  prime  mover  for 
ships.  For  many  years,  the  major  effort  was  to 
Improve  the  reciprocating  steam  engine.  How- 
ever, the  latter  half  of  the  10th  century  saw  the 
introduction  of  the  first  practicable  steam  tur- 
bines. Sir  Charles  Parsons,  In  1884,  and  Dr. 
Gustaf  de  Laval,  in  1880,  made  major  contri- 
butions to  the  development  of  the  steam  turUne. 
ThB  earliest  apifllcatlon  of  a  steam  turbine  for 
ship  propulsion  was  made  in  1807,  when  a  100- 
ton  vessel  was  fitted  with  a  steam  turbine  ^ich 
was  directly  coiq^led  tothe  propeller  shaft.  After 
the  installation  of  the  steam  turbine,  the  vessel 
broke  all  existing  speed  records  for  ships  of  any 
slse.  b  1910,  Parsons  lnti*oduced  the  reduction 
gear,  width  allowed  both  the  steam  turbine  and 
the  screw  prcqpeller  to  operate  at  their  most 
effldent  8peeds«-the  turbine  at  very  hii^q;>eeds, 
the  propeller  at  much  lower  speeds,  ^th  this 
improvement,  the  steamturbine  became  the  most 
significant  devdopment  in  steam  engineering 
since  the  develq^mient  of  the  Watt  engine.  With 
further  refinements  and  improvements,  the 
steam  turbine  is  today  the  primary  device  for 
utilizing  the  motive  power  of  steam. 


TIIE  DEVELCn^MENT  OF 
MODERN  NAVAL  SURFACE  SHIPS 


Fulton.  The  ship,  which  is  shown  In  figure  1-2, 
was  buUt  in  the  United  States  in  1815.  The  ship 
had  a  displacement  of  2475  tons.  A  paddle  wheel 
16  feet  in  diameter,  was  mounted  in  a  trough  or 
tunnel  inside  the  ship,  for  protection  from  gun** 
fire.  The  paddle  wheel  was  driven  by  a  one- 
cyllnder  steam  engine  with  a  48-lnch  cylinder 
and  a  60-inch  stroke. 

The  next  large  steam-driven  warship  to  be 
buUt  in  the  United  States  was  the  Fulton  2nd. 
This  ship  was  built  in  1837  at  the  Brooklyn 
Navy  Yard.  The  Fulton  2nd,  like  the  Fulton  (or 
Demologos)  before  it,  was  fitted  with  saUs  as 
well  as  with  a  steam  engine.  The  plant  efficiency 
6L  the  Fulton  2nd  has  been  calculated"  to  be  about 
3  percent.  Rs  maximum  speed  wu  about  15 
knots,  with  a  shaft  horsepower  of  approximately 
625. 

The  Fulton  2nd  was  rebuilt  in  1852  and  named 
the  Fulton  3rd.  The  Fulton  3rd  had  a  somewhat 
different  kind  of  steam  enginsi  and  its  operating 
steam  pressure  was  30  psl,  rather  than  the  11 
psl  of  the  Fulton  2nd.  Several  other  significant 
changes  were  incorporated  in  the  Fulton  3rd— but 
the  ship  still  had  sails  as  well  as  a  steam  engine. 
The  Navy  was  still  a  long  ways  away  from 
abandcming  sails  in  fkvor  of  steam. 

The  Miteissippi  and  the  Missouri.  buUt  in 
1842,  are  sometimes  regarded  as  marking  the 
beginning  of  the  steam  Navy— even  thou^  they, 
too,  still  had  sails.  The  two  ships  were  very 
much  alike  except  for  their  engines.  The  Mis- 
souri had  two  inclined  engines.  The  Mississippi 
had  two  side-lever  engines  of  the  type  shown  in 
figure  1-3.  Three  copper  boilers  were  used  on 
each  ship.  Operating  steam  pressures  were 
sqpproadmately  15  psi. 

The  Michigan,  yAiich  Joined  the  steam  Navy 
&jout  1843,  had  iron  boUers  rather  than  copper 
ones.  These  boUers  lasted  for  50  years.  The 
Michigan  operated  with  a  steam  pressure  of  29 
psl. 

The  Princeton,  which  Joined  the  steam  Navy 
in  1844,  was  remarkable  for  a  number  of  rear- 
sons.  Ik  was  the  first  warsh^  in  the  world  to  use 
screw  propellers,  although  they  had  been  tried 


The  19th  century  saw  the  applj^s^tim  of 
steam  power  to  naval  ships.  The  first  steam- 
driven  warship  in  the  worid  was  the  Demoiogos 
(voice  of  the  people)  which  was  later  renamed 
the  Fulton  in  honor  at  its  bailder»  Rdbert 
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7See  Morris  Welling.  Gerald  M.  Boatwrigtit,  and 
Maurice  S.  Hausohildt,  ^aval  Propulsion  liaohln* 
ery,**  Naval  Engineers  Journal.  May  1963,  pp.  SSe-^ 
348. 
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Figure  l-2.->The  Dem(dogOB:  the  first  Bteam-driven  warship. 
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out  more  than  forty  years  before.^  The  Princeton 
had  an  unusual  oscillating,  rectangular-piston 
type  of  engine  dig.  1-4).  The  piston  rod  km  con- 
nected directly  to  the  crankshaft^  and  the  cylinder 
oscillated  in  trunnions.  This  ship  ivas  also  note- 
worthy for  betaig  the  first  warship  to  have  all 
machinery  located  below  the  waterline,  the  first 
to  bum  hard  coal,  and  the  first  to  siqndy  extra 
air  for  combustion  by  haying  blowers  discharge 
to  the  fireroom.  But  even  the  Princeton  still 
had  sails. 

Almost  twenty  steam-driyen  warships  jotaied 
the  steam  Nayy  between  1854  and  1860.  One  of 

1802»  Colonel  John  Steyens  applied  Archimedes* 
screw  as  a  means  of  sh4>  propulsion.  The  first  ship 
that  Sterens  tried  the  aorew  on  was  a  singje-sorew 
ship,  whioh  anfifftonately  ran  in  oiroles.  The  seoond 
appUoation— a  twin-sorew  shtpwiththe  screws  revoly- 
ing  in  opposite  directions— was  moresoooessfttl.  John 
Ericsson,  libo  designed  the  Princeton,  dsyeloped  the 
forerunner  of  the  modem  screw  propeller  in  1837«  It 
is  Iflfteresting  to  note  that  ths  orighial  problem  with 
screw  propellers  was  tUit  they  were  inefficient  at  the 
slow  speeds  proyided  toy  flie  large,  slowenginesof  ttie 
tfme.  This  Is  Jost  the  opposite  of  flis  *^resent-day 
proUenu  Both  then  and  now,  the  eolation  is  gearst 
step-up  gears,  in  the  old  days,  and  reduotion  gears, 
at  ttie  present  time. 


these  was  the  Merrimac.  Another  was  the 
Pensacola.  yiiich  was  somey^  ahead  of  its 
time  in  seyeral  waj^.  The  Pensacdla  liad  the 
first  surface  condenser  (as  opposed  to  a  jet 
ccmdenser)  to  be  used  on  a  ship  of  tlie  U.S. 
Nayy.  ft  also  luul  the  first  pressurized  fire- 
rooms. 

ft  was  not  until  1867  that  the  U.S.  Nayy 
obtained  a  compl^ely  steam«driyen  ship,  b  tlie 
Nayy's  newly  created  Bureau  of  Steam  Engi- 
neeringy  a  brilliant  designer,  Benjamin  bher- 
wood,  conceiyed  the  idea  for  a  fast  cruiser.  One 
of  bherwood's  ships,  tlie  Wampanog,  attained 
the  remarkable  speed  of  17.75  Imots  during  her 
trial  runs,  and  maintained  an  ayerage  of  16.6 
kiiots  for  a  period  of  38  hours  in  rough  seas. 

The  Waiy»nog  had  a  dlaiflacement  of  4215 
tons,  a  length  of  395  feet,  and  abeam  of  45  feet. 
The  engines  consisted  of  two  100-taich  sin^e- 
eig;iansioa  cylinders  turning  one  shaft.  The  engine 
shaft  was  geared  to  the  propeller  shaft,  driying 
the  propeller  at  dightly  more  than  twice  the 
speed  of  the  engines.  Steam  was  generated  by 
four  boilers  at  a  pressure  of  85  psl  and  was 
si^erheated  by  four  more  boilers.  The 
Wananmog  propiilston  plant,  shown  hi  figure 
1«5,  was  a  renuuUble  power  plant  for  itstime. 
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Sad  to  relate,  the  Wampanog  came  to  an 
ignominious  end.  A  board  of  admirals  concluded 
that  the  ship  was  unfit  for  the  Navy,  that  the 
four-bladed  propeller  was  an  interference  to 
good  saUing,  and  that  the  four  siqperheater 
boilers  wera  merely  an  unnecessary  refinement. 
As  a  result  of  this  eaqpert  opinicmi  two  of  the 
four  propeller  blades  and  all  four  of  the  super- 
heater boilers  were  removed.  The  Wampanog 
was  thus  reduced  from  a  superior  steam-driven 
ship  to  an  inferior  sailing  vessel,  with  steam 
used  merely  as  an  auxiliary  source  of  power. 

The  modem  U.S.  Navy  may  be  thougM  of  as 
dating  from  1883,  the  year  in  which  Congress 
appropriated  ftnids  for  the  construction  of  the 
first  steel  warships.  The  major  type  of  engine 
was  still  the  reciprocating  steam  engine; 
however,  the  latter  part  of  the  19th  century  saw 
increasing  interest  in  the  development  of  internal 
combustion  engines  and  steam  turbines. 
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Figure  1-3.— Side-lever  engine, 
USS  MisaiBSippi  (1842). 
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Figure  1-4.— Oscillating  engine, 
USS  Princeton  (1844)> 


Ship  designers  iqpproached  the  dose  of  the 
19th  century  with  an  intense  regard  for  speed. 
ShipbuUders  were  awarded  contracts  with  bonus 
and  penalty  clauses  based  an  speed  performance, 
bi  the  ccmstruction  of  the  cruisers  Columbia  and 
Minneapolis,  a  speed  of  21  knots  was  specified. 
The  contract  stipulated  a  bonus  of  $50,000  per 
each  quarter-knot  above  21  knots  and  a  penalty 
of  $25,000  for  each  quarter-knot  below  21  knots. 
The  Colunribia  maintained  a  trial  speed  of  22.8 
knots  for  4  hours,  and  thereby  eamed.for  her 
buUders  a  bonus  of  $350,000.  Her  sister  ship, 
the  Minneapdiis.  made  23.07  knots  on  her  trials, 
earning  $^14,600  for  that  performance.  Other 
shipbuilders  profited  in  similar  fashion  from  the 
speed  race.  And  some,  of  course,  were  penalized 
for  failure.  The  builders  of  the  Monterey,  for 
example,  lost  $33,000  when  the  ship  failed  to 
meet  the  specified  speed. 

By  the  early  part  of  the  20th  century,  steam 
was  here  to  stay;  the  ships  of  all  navies  of  the 
world  were  now  propelled  by  reciprocating  steam 
engines  or  by  steam  turbines.  Coal  was  still  the 
standard  fuel,  although  it  had  certain  disadvan- 
tages that  were  becoming  increasingly  apparent. 
One  of  the  problems  was  the  disposal  of  ashes. 
The  only  practicable  way  to  get  rid  of  them  was 
to  dunip  them  overboard,  Init  this  left  a  telltale 
floating  line  on  the  surface  of  the  sea,  easUy 
seen  and  followed  by  t6e  enemy.  Furthermore, 
the  smoke  from  the  smokestacks  was  enough  to 
reveal  the  presence  of  a  steam-driven  ship  even 
vrtien  it  was  far  beyond  the  horison.  The  military 
disadvantages  of  coal  were  further  emphasised 
by  the  foot  that  it  took  at  least  one  day  to  coal 
the  ship,  another  day  to  clean  tq>-*a  minimum  of 
two  days  lost,  and  the  coal  would  only  last  for 
another  two  weeks  or  so  of  steaming. 

Then  came  oil.  The  means  for  burning  oil 
were  not  developed  until  the  early  part  cf  the 
20th  century.  Once  the  techniques  and  equip- 
ment were  perfected,  the  change  from  coal  to 
oU  took  place  quite  rapidly.  Our  first  oil-burn- 
ing battleships  were  the  Oldahonia  and  the 
Nevada,  which  were  laid  down  in  1911.  All  coal- 
burning  sliips  were  later  altered  to  bum  oU. 

While  the  coal-to-oU  conversion  was  in  prog- 
ress, a  tug-of-war  was  gohng  on  in  another  area. 
The  reciprocating  steam  engine  and  the  steam 
turbine  each  had  its  proponents.  To  settle  the 
mattei*,  the  Bureau  of  Engineering  made  the 
decision  to  Install  reciprocating  engines  in  the 
Oidahoma  and  steam  tmrbtnes  in  the  Nevada. 
Althotti^  there  were  stUl  many  pr6Uems  to  be 
solved,  the  steam  turbine  was  well  on  its  way 
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to  becoming  the  major  prime  mover  for  naval 
ships. 

Witii  the  advent  of  the  steam  turbine,  the 
problem  of  reconciling  the  speed  of  the  prime 
mover  and  the  speed  of  the  propeUer  became 
critical.  The  turbine  operates  most  efficiently 
at  his^  speed,  and  the  propeller  operates  most 
efficiently  at  low  speed.  The  obvious  solution 
was  to  use  reduction  gears  between  the  shaft 
of  the  prime  mover  and  the  shaft  of  the  pro- 
peller; and,  basically,  this  is  the  solution  that 
was  adopted  and  that  is  still  in  use  on  naval 
ships  today.  However,  other  solutions  are  pos- 
sible; and  one— the  use  of  turboelectric  drive— 
was  tried  out  on  a  fairly  large  scale. 

During  World  War  I,  the  ccJlier  Jupiter  (later 
converted  to  the  aircraft  carrier  Lanriey)  was 
fitted  with  turboelectric  drive.  The  high  speed 
turbines  drove  generators  which  were  electri- 
cally connected  to  low  speed  motors.  The  "big 
five''  battleships-the  Maryland,  the  Colorado. 
the  West  Virginia,  the  California,  and  the 
Tennessee-^were  all  built  with  turboelectric 
drive.  Ultimately,  however,  starting  with  the 
modernization  of  the  Navy  in  1934,  the  turbo* 
electric  drive  gave  way  to  the  geared-turbine 


drive;  and  today  there  are  relatively  few  ships 
of  the  Navy  that  have  turboelectric  drive. 

The  period  just  before,  during,  and  after 
World  War  n  saw  increasing  improvement  and 
refinement  of  the  geared-turbine  propulsion 
plant.  One  of  the  most  notable  developments 
of  this  period  was  the  increase  in  operating 
steam  pressures— from  400  psi  to  600  psi  and 
finally,  on  some  ships,  to  1200  paL  Other  im- 
provements included  reduction  in  the  size  and 
weight  of  machinery  and  the  use  of  a  variety 
of  new  alloys  for  hi^  presswe  and  high  tem- 
perature service. 

Although  the  development  of  naval  surface 
ships,  unlike  the  development  of  submarines, 
has  been  largely  dependent  upon  the  develop- 
ment of  steam  machinery,  we  should  not  over- 
look the  importance  of  an  alternate  line  of 
work— namely,  the  development  of  internal  com- 
bustion engines.  In  the  application  of  diesel 
engines  to  ship  propulsion,  Europe  was  con- 
siderably more  advanced  than  the  United  States; 
as  late  as  1932,  in  fact,  the  United  States  was 
in  the  embarrassing  position  of  having  to  buy 
German  idans  for  diesel  submarine  engines.  A 
concerted  effort  was  made  during  the  1930's 


Chapter  1-THE  DEVELOPMENT  OF  NAVAL  SHIPS 


147.6 

Figure  l-6.-The  nuclear  surface  fleet,  1965:  USS  Long  Beach.  CGN  9  (top);  USS 
Enterpriee,  CVAN  65  (middle);  and  USS  Bairibridge,  DLGN  25  (bottom). 


to  develop  an  American  diesel  industry,  and  the 
U.S.  Naval  Engineering  E:9eriment  Station  (now 
the  Ifarine  Engineering  Laboratory)  at  Annapolis 
undertook  the  testing  and  evaluation  of  prototype 
diesel  engines  developed  by  American  manufac- 
turers. The  success  of  this  effort  may  be  seen 
in  the  fact  that  by  the  end  of  World  War  n  the 
diesel  horsepower  installed  in  naval  vessels 
exceeded  the  total  horsepower  of  naval  steam 
plants. 

Since  World  War  n,  the  gas  turbine  engine 
has  come  into  increasing  prominence  as  a  pos- 
sible prime  mover  for  naval  ships.  It  is  con-- 
sidered  likely  that  the  next  few  years  will  see 
enormously  increased  qndicatfbn  of  the  gas 
turbine  engine  for  ship  prq^nilsion,  either  sii^y 
or  in  combination  with  steam  turbines  or  diesel 
engines. 


One  of  the  most  dramatic  events  in  the 
entire  history  of  naval  ships  is  the  application 
of  nuclear  power,  first  to  submarines  and  then 
to  surface  ships.  The  first  three  ships  of  our 
nuclear  siurface  fleet  are  shown  in  figure  1-6. 
The  middle  ship  is  the  aircraft  carrier  USS 
Enterprise.  CVAN  65;  on  the  fli^  deck,  crew 
members  are  shown  forming  Einstein's  famous 
equation  which  is  the  basis  of  controlled  nuclear 
power.  The  other  two  ships  are  (top)  the  guided 
missile  cruiser  USS  Long  Beach,  CGN  9,  and 
(bottom)  the  guided  missile  frigate  USS  Bain- 
bridge.  DLCS  25.  The  fourth  nuclear  surface 
ship  to  join  the  fleet  was  the  USS  Truxton, 
DLGN  35.  A  fifth  nuclear  surface  ship  soon 
to  johi  the  fleet  is  the  USS  Nimitz.  CVAN  68. 
Although  the  full  inqilications  of  nuclear  pro- 
pulsive power  may  not  yet  be  fully  realized. 
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one  thing  is  already  clear:  the  nuclear-powered 
ship  is  virtually  free  ofthe  limitations  on  steam- 
ing radius  that  apply  to  ships  using  other  forms 
of  fuel.  Because  of  this  one  fact  alone,  the  future 
of  nuclear  propulsive  power  seems  assured. 

THE  DEVELOPMENT  OF  SUBMARINES 

Althou^  ancient  history  records  numerous 
attempts  of  varying  degrees  of  success  to  build 
underwater  craft  and  devices,  the  first  success- 
ful submersible  craft««and  certainly  the  first  to 
be  used  as  an  offensive  weapon  in  naval  war- 
fares-was the  Turtle^  a  one-man  submersible 
hivented  by  David  Bushnell  during  the  American 
Revolutionary  War.  The  Turtle,  which  was  pro- 
pelled by  a  hand-qperated  screw  propeller,  at- 
tempted to  sink  a  British  man-of-war  in  New 
York  Harbor.  The  plan  was  to  attach  a  charge 
of  gunpowder  to  the  ship's  bottom  with  screws 
and  to  explode  it  with  a  time  fuse.  After  re- 
peated failures  to  force  the  screws  through  the 
copper  sheathing  of  the  hull  of  the  British  ship, 
the  submarine  gave  xqp,  released  the  charge,  and 
withdrew.  The  powder  e:q)loded  without  any 
result  except  to  cause  the  British  man-of-war 
to  shift  to  a  berth  farther  out  to  sea« 
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Figure  l-7.»The  Turtle— the  first  submersible 
used  in  naval  warfiure. 

The  Turtle^  shown  infigure  1-7,  looked  some- 
what like  a  lemon  standing  on  end«  The  vessA 
had  a  water  ballarrt  system  wttW  hand-operated 
pumps,  as  w^  as  th^  band-operated  propeller. 
It  also  had  a  crude  arrangement  for  drawing  in 
fresh  air  from  the  sur&ee.  The  vent  pipes  even 


closed  automatically  when  the  water  reached 
a  certain  level. 

Jn  1798,  Robert  Fulton  built  a  small  sub- 
mersible which  he  called  the  Nautilus.  This 
vessel,  which  is  shown  in  figure  1-8,  had  an 
overall  length  of  20  feet  and  a  beam  of  5  feet. 
The  craft  was  designed  to  carry  three  people 
and  to  stay  submerged  for  about  an  hour.  The 
first  Nautilus  carried  sails  for  surface  propul- 
sion and  a  hand-driven  screw  propeller  for 
submerged  propulsion.  The  periscope  had  not 
yet  been  hivented,  but  Fulton's  crafthadamodi- 
f  led  form  of  conning  tower  which  had  a  porthole 
for  underwater  observation.  Jn  1801,  Fulton  tried  ' 
to  interest  France,  Britain,  and  America  in  his 
idea,  but  no  nation  was  willing  to  sponsor  the 
development  of  the  craft,  even  thou^  this  was 
the  best  submarhie  that  had  yet  been  designed. 

Merest  in  the  development  of  the  submarine 
was  great  during  the  period  of  the  CivU  War, 
but  progress  was  limited  by  the  laick  of  a  suitable 
means  of  propulsion.  Steam  propulsion  was 
attenqrted,  but  it  had  many  drawbacks,  and  hand 
propulsion  was  obviously  of  limited  value.  The 
first  successful  steam-driven  submarine  was 
built  in  1880  in  England.  The  submarine  had  a 
coal-fired  boiler  and  a  retractaUe  smokestack. 
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Figure  l-8.->The  first  Nautilus 
(Robert  Fulton,  1798). 


In  1886,  an  all-electric  submarine  was  built 
by  two  Ene^Cshmen,  Campbdl  and  Ash.  Their 
boat  was  propelled  at  a  surface  speed  o(6  knots 
by  two  SO-horsepower  electric  motors  operated 
from  a  lOO-cell  storage  battery.  However,  this 
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craft  suffered  from  one  major  defect:  its  bat- 
teries had  to  be  recharged  and  overhauled  at 
such  short  intervals  that  its  effective  range 
never  exceeded  80  miles. 

In  1875,  in  New  Jersey,  John  P.  HoUandbuilt 
his  first  submarine.  Twenty-five  years  andnine 
boats  later,  Holland  f bially  built  the  U.S.  Navy's 
first  submarine,  the  USS  Holland  tfig.  1-9).  Al- 
though Holland's  early  models  had  features  which 
were  later  discontinued,  many  of  his  initial 
ideas,  perfected  in  practice,  are  still  in  use 
today.  The  Holland  had  a  length  of  54  feet  and  a 
displacement  of  75  tons.  A  50-horsepower  gaso- 
line engine  provided  power  for  surface  propul- 
sion and  for  battery  charging;  electric  motors 
run  from  the  storage  batteries  provided  power 
for  underwater  running. 

Just  before  Holland  delivered  his  first  sub- 
marine to  the  Navy,  his  company  was  reorganized 
into  the  Electric  Boat  Coiiq[iany,vAiich  continued 
to  be  the  chief  supplier  of  U.S.  Navy  submarines 
untU  1917.  After  the  acceptance  of  the  Holland. 
new  contracts  for  submarines  came  rapidly.  The 
A-boats,  of  which  there  were  seven,  were  com- 
pleted in  1903,  These  were  improved  versions 
of  the  Holland;  they  were  67  feet  long  and  were 
equipped  with  gascfline  engines  and  electric 
motors.  This  propulsion  combination  persisted 
through  a  series  of  B-boats,  C-boats,  and  D- 
boats  turned  out  by  the  Electric  Boat  Company. 

The  E-boat  type  of  submarine  was  the  first 
to  use  diesel  engines.  Diesel  engines  eliminated 
much  of  the  physical  discomfort  that  had  been 
caused  by  fumes  and  eidiaust  gases  of  the  cfld 
gasoline  en^es.  The  K»boats,  L-boats,  and 
O-boats  of  World  War  I  were  all  driven  by 
diesel  engines. 


There  was  little  that  was  spectacular  about 
submarine  development  in  the  United  States 
between  1918  and  1941.  The  submarines  built 
Just  before  and  during  World  War  n  ranged 
from  300  to  320  feet  in  length  and  displaced 
approximately  1500  tons  on  the  surface.  These 
included  such  famous  classes  as  Balao,  Gato. 
Tambor,  Sargo.  Salmon,  Perch,  and  Pike. 

Jn  the  latter  part  of  World  War  n,  the 
Germans  adopted  a  radical  change  in  submarine 
design  known  as  the  ''schnorkel.''  The  spelling 
was  reduced  to  ''snorkel"  by  the  Americans  and 
to  "snort"  by  the  British.  The  snorkel  is  a 
breathing  tube  which  is  raised  while  the  sub- 
marine is  at  periscope  depth.  With  the  snorkel 
in  the  raised  position,  air  for  the  diesel  engines 
can  be  6btained  from  the  surface. 

The  snorkel  was  developed  and  improved  by 
the  U.S.  Navy  at  the  end  of  World  War  n  and  was 
installed  on  a  number  of  submarines.  Another 
post-war  development  was  the  Qfippy  submar- 
ine. The  Guppy  (Greater  Underwater  Propulsion 
Power)  was  a  conversion  of  the  fleet-type  sub* 
marine  of  World  War  n.  The  main  change  was 
in  the  superstructure  of  the  hull;  this  was  changed 
by  reducing  the  surface  area,  streamlining  every 
protruding  6bject,  and  enclosing  the  periscope 
shears  in  a  streamlined  metal  fUring. 

With  the  advent  of  nuclear  power,  a  new 
era  of  submarine  development  tias  begun.  The 
first  nuclear  submarine  was  the  USS  Nautflus. 
SSN  571,  which  was  commissioned  on  30  Sep- 
tember 1954.  At  1100  on  17  January  1955,  the 
Nautilus  sent  its  historic  message:  "Underway 
on  nuclear  power/' 

The  Nautilus  broke  all  «dsting  records  for 
speed  and  submerged  endurance,  but  even  these 


Figure  1-9.— The  USS  Holland:  first  U.S.  Navy  submarine. 
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records  were  soon  broken  by  subseqpient  gen- 
erations of  nuclear-powered  submarines.  The 
modern  nuclear-powered  submarine  is  some- 
times considered  "the  first  true  submarine'' 
because  it  is  capable  of  staying  submerged  al- 
most indefinitely. 

With  the  development  of  the  modern  missile 
firing  submarine^a  nuclear-powered  submarine 


which  is  capable  of  submerged  firing  of  the 
Polaris/Poseidon  missile— the  submarine  has 
become  one  of  the  most  vital  links  in  our 
national  defense.  The  modern  nuclear-powered 
missile  firing  submarine  is  a  far  cry  firom 
David  Bushnell's  hand-propelled  Turtle,  but 
an  identical  need  led  to  the  development  of  both 
types  of  vessels:  the  need  for  better  and  more 
effective  fighting  ships. 
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CHAPTER  2 


SHIP  DESIGN  AND  CONSTRUCTION 


As  ships  have  increased  in  size  and  com- 
plexity, plans  for  building  them  have  become 
more  detailed  and  more  numerous.  Today  only 
meticulously  detailed  plans  and  well  conceived 
organization,  from  the  designers  to  the  men 
working  in  the  shops  and  on  the  ways,  can  pro- 
duce the  ships  required  for  the  Navy. 
!  After  intensive  research,  many  technical  ad- 
vances have  been  adopted  in  the  design  and  con- 
struction of  warships.  These  changes  were 
brought  about  by  the  development  of  welding 
techniques,  by  the  riqpid  development  in  air- 
craft, submarines,  and  weapons,  and  by  develop- 
ments in  electronics  and  in  propulsion  plants. 

This  chapter  presents  information  concern- 
ing basic  ship  design  considerations,  ship  flo- 
tation, basic  ship  structure,  sliip  compartmen- 
tation,  and  the  geometry  of  the  ship. 

BASIC  DESIGN  CONSIDERATIONS 

Combat  efficiency  is  the  prime  requisite  of 
warships.  Some  important  factors  contributing 
to  combat  efficiency  are  sea-keeping  ciq;)abili- 
ties,  maneuverability,  and  ability  to  remain  In 
action  after  sustaining  combat  damage. 

Basic  considerations  Involved  in  ttie  design 
of  naval  ships  include  the  following: 

1.  Cost.»The  initial  cost  is  important  in 
warship  design,  but  it  is  not  the  only  cost 
consideriMon.  The  cost  of  maintenance  and 
operation,*  as  well  as  the  cost  and  availability 
of  the  required  manning,  are  equally  impor- 
tant considerations. 

2.  Life  Eaqpectancy.^The  life  e3q[>ectancy  of 
a  ship  is  limited  by  ordinary  detsilloration  in 
service  and  also  by  the  possibility  of  obsoles- 
cence due  to  the  design  of  more,  efficient  ships. 

3.  8ervice.^^rhe  service  to  be  performed 
substantially  affects  the  design  of  any  ship. 
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4.  Port  Facilities.-The  port  facilities 
available  in  the  normal  operating  zone  of  the 
ship  affect  the  design  to  some  extent.  Dockyard 
facilities  available  for  drsrdocklng  and  main- 
tenance work  must  be  taken  into  consideration. 

5.  Prime  Mover.^The  tjrpe  of  propelling 
machinery  to  be  used  must  be  considered  from 
the  point  of  view  of  the  required  speed  of  the 
ship,  the  location  in  the  ship,  space  and  weight 
requirements,  and  the  effect  of  the  machinery 
on  the  center  of  gravity  of  the  ship. 

6.  Sjpecial  Consideri^ions.^l^ctal  consid- 
erations  such  as  the  ftiel  required,  the  crew  to 
be  carried,  and  special  we^poM  are  factors 
which  restrict  the  designer  of  a  naval  ship. 

Naval  ships  are  designed  for  maximum  sim- 
plicity that  is  compatible  with  the  requirements 
of  service.  Naval  ships  are  designed  as  simply 
as  possible  in  order  to  lower  building  and  oper- 
ating costs  and  in  order  to  ensure  greater  avail- 
ability of  construction  facilities. 

The  foUowhig  operating  considerations  affect 
the  sizo  of  a  naval  ship: 


1.  Width  and  LengBi  of  Canal  Locks  and 
Dock  Facilities.  These  considerations  obviously 
have  an  effect  on  the  size  of  ships  that  must 
use  the  canals  or  dock  facilities. 

2«  Effect  of  ft)eed.^For  large  ships,  speed 
may  be  maintained  with  a  smaller  fraction  of 
displacement  devoted  to  propulsion  machinery 
ttian  is  ftke  case  for  smaller  ships.  Also,  large 
ships  lose  proportionately  less  speed  through 
adverse  sea  conditions. 

3.  Rffnet  of  Radius  of  Action.*^  An  increas- 
ing cruising  radius  may  be  obtained  by  in- 
creasing .disp^ement  without  increasing  ttie 
frsu^tion  of  displacement  allotted  to  ftiel  and 
stores.  V  the  fraction  of  displacement  set 
aside 'fbr  fuel  and  stores  is  increased,  some 
other  weight  must  be  decreased.  Since  the  hull 
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weight  is  a  constant  percentage  of  the  displace- 
ment, an  increase  in  the  fraction  of  the  dis- 
placement assigned  to  one  military  charac- 
teristic involves  the  reduction  of  other  fractions 
of  displacement.  By  increasing  the  displacement 
of  the  ship  as  a  whole,  it  is  possible  to  in- 
crease the  speed  and  the  radius  of  action  with- 
out adversely  affecting  the  other  required 
characteristics. 

4.  Effect  of  Seagoing  Capabilities*^ Larger 
ships  are  more  sesrworthy  than  smaller  ships. 
However,  smaller  ships  are  more  maneuver- 
able  because  they  have  smaller  turning  circle 
radii  than  larger  ships.,  where  all  other  factors 
are  proportional.  The  maneuverability  of  large 
ships  may  be  Increased  somewhat  by  the  use 
of  improved  steering  gear  and  large  rudders. 

In  general,  larger  ships  have  the  advantage 
of  greater  protection  because  of  their  greater 
displacement.  From  the  point  of  view  of  under- 
water attack,  larger  ships  also  have  an  ad- 
vantage. If  compartments  are  of  the  same  size, 
the  number  of  compartments  increases  Unearly 
with  the  displacement.  R  is  apparent,  then,  that 
protection  against  both  surface  and  subsurface 
attacks  may  be  more  effective  on  larger  ships 
without  impairing  other  military  characteristics. 

Many  compromises  must  be  made  in  de- 
signing any  ship,  since  action  \diich  improves 
one  feature  may  degrade  anottier.  For  escample, 
in  the  design  of  a  conventionally  powered  ship 
there  is  the  problem  of  choosing  ttie  hull  line 
for  optimum  performance  at  a  cruising  speed 
of  20  knots  and  at  a  trial  speed  of  30  knots  or 
more.  One  may  select  a  hull  type  ixAich  would 
minimize  resistance  at  top  speed,  and  ttius 
keep  the  wel^t  of  propulsion  machinery  to 
a  minimum.  When  this  is  done,  however,  re- 
sistance at  cruising  speed  may  be  hi^  and  ttie 
fuel  load  for  a  given  endurance  may  be  rela- 
tively great,  ttius  nullifying  some  of  the  gain 
from  a  light  madiinery  planf.  On  tteotfaerhand, 
one  may  choose  a  hidl  type  favoring  cruising 
power.  In  this  case,  fuel  load  will  be  lighter 
but  the  shaft  horsepower  required  to  make 
trial  speed  may  be  greater  than  before.  Now 
the  machinery  plant  is  heavier,  cancelling  some 
of  the  weight  gain  realized  from  the  ligliter 
fuel  load.  A  compromise  ba^ed  on  the  inter- 
relationship of  these  considerat^oj^  must  usually 
be  adqpted.  The  need  for  compromise  Is  always 
present,  and  ttie  manner  in  wfaidi  it  is  made 
has  an  important  bearing  on  the  final  design  of 
any  naval  Mp. 


SHIP  FLOTATION 

When  a  body  floats  in  still  water,  the  force 
which  supports  the  body  must  be  equal  to  the 
weight.  Assume  that  an  object  of  given  volume 
is  placed  under  water.  If  the  weight  of  this 
object  is  greater  than  the  weight  of  an  equal 
voliune  of  water,  the  object  will  sink.  It  sinks 
because  the  force  vrtiich  buoys  it  up  is  less 
than  its  own  weight.  However,  if  the  weight  of 
the  submerged  object  is  less  than  the  weight 
of  an  equal  volume  of  water,  the  object  will 
rise.  It  rises  because  the  force  which  buoys  it 
up  Is  greater  than  its  own  weight.  The  object 
will  continue  to  rise  until  part  of  it  is  above 
the  surface  of  the  water.  Here  it  floats  at  such 
a  depth  that  the  submerged  part  of  the  object 
displaces  a  volume  of  water,  the  weight  of 
vAiich  is  equal  to  the  weight  of  the  object. 

The  principle  implied  in  this  discussion  is 
known  as  Archimedes'  law:  the  weigj^t  of  a 
floating  body  is  equal  to  the  weight  of  the  fluid 
displaced. 

The  cube  of  steel  shown  in  part  A  of  figure 
2-1  is  a  solid  cube  of  ttie  dimensions  shown. 
If  this  cube  is  dropped  into  salt  water,  it  will 
sink  because  it  weighs  qn>^oximately 490 pounds 
and  the  wei^  of  the  salt  water  it  displaces 
is  approximately  64  pounds.  H  the  cube  is 
hammered  out  bito  a  watertig^  flat  plate 
of  the  dimensionn  shown  in  part  B  of  figure 
2-1,  with  the  edges  bent  up  one  foot  all  around, 
the  box  thus  formed  will  float.  This  box  could 
be  made  from  the  same  volume  of  steel  as 
that  of  the  cube.  The  box  will  not  only  float; 
in  calm  water,  it  will  carry  an  additional  1800 
pounds  of  weight  before  sinking.  As  a  box,  the 
metal  displaces  a  greater  volume  than  the  same 
amount  of  metal  does  as  a  1-foot  cube. 
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Figure  2-l.'«Steel  cube  and  box  made 
from  same  volume  of  steel. 
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BASIC  SHIP  STRUCTURE 

In  considering  the  structure  of  a  ship,  it 
is  common  practice  to  liken  the  ship  to  a  box 
girder.  Like  a  box  girder,  a  ship  may  be  sub- 
jected to  tremendous  stresses.  The  magnitude 
of  stress  is  usually  e3q>ressed  in  pounds  per 
square  inch  (psi). 

When  a  pull  is  exerted  on  each  end  of  a  bar, 
as  in  part  A  of  figure  2-2,  the  bar  is  under  the 
type  of  stress  called  tension.  When  a  pressure 
is  exerted  on  each  end  of  a  bar,  as  in  part 
B  of  figure  2-2,  the  bar  is  under  the  type  of 
stress  called  compression,  U  an  equal  but 
opposite  pull  is  exerted  on  the  upper  and  lower 
bars,  as  shown  in  part  C  of  figure  2-2,  the 
pins  connecting  these  bars  are  subjected  to  a 
stress  at  rig^  angles  to  their  lengUi.  This 
stress  is  called  shear.  When  a  shaft,  bar,  or 
other  material  is  subjected  to  a  twisting  motion, 
the  resulting  stress  is  known  as  torsional 
stress.  Torsional  stress  is  not  illustrated  in 
figure  2-2, 

When  a  material  is  conq;>ressed^  it  is  short- 
ened. When  it  is  subjected  to  tension,  it  is 
lengthened.  This  change  hi  shape  is  called  strain. 
The  change  of  Bhxpe  (strain)  may  be  regarded 
as  an  effect  of  stress. 

Jt  a  simple  beam  is  siqqported  at  its  two 
ends  and  various  vertical  loads  are  qnflied 
over  the  center  of  the  span,  the  beam  will 
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Figure  2-2,-Stre8ses  in  metal:  (A)  tension; 
(B)  conpression;  (C)  shear. 


bend  (fig.  2-3),  As  the  beam  bends,  the  upper 
section  of  the  beam  compresses  and  the  lower 
part  stretches.  Somewhere  between  the  top  and 
bottom  of  the  beam,  there  is  a  section  which 
is  neither  in  compression  nor  in  tension;  this 
is  known  as  the  neutral  axis.  The  greatest 
stresses  in  tension  and  compression  occur 
near  the  middle  of  the  length  of  the  beam, 
where  the  loads  are  applied. 

LONGITUDINAL  BENDING  AND  STRESSES 

In  an  I-beam,  the  greater  mass  of  struc- 
tural material  is  placed  in  the  upper  and  lower 
flanges  to  resist  compression  and  tension.  Rel- 
atively little  material  is  placed  in  the  web 
which  holds  the  two  flanges  so  that  they  can 
work  together;  the  web,  being  near  the  neutral 
axis,  is  less  subject  to  tension  and  compres- 
sion stresses  than  are  the  flanges.  The  web 
does  take  care  of  shearing  stresses,  which 
are  sizeable  near  the  supports. 

A  ship  hi  a  seaway  can  be  considered  shnilar 
to  this  I-beam  (or,  more  correctly,  it  can  be 
likened  to  a  box  girder)  with  supports  and  dis- 
tributed loads.  The  mspports  are  the  buoyant 
forces  of  the  waves;  the  loads  are  the  weight 
of  the  ship's  structure  and  the  weight  of  every- 
thing contained  within  the  ship. 

The  ship  shown  hi  figure  2-4  is  supported 
by  waves,  with  the  bow  and  stem  each  riding 
a  crest  and  the  midship  region  iA  the  trough 
This  ship  will  bend  with  compression  at  the 
top  and  tension  at  the  bottom.  A  ship  ta  this 
condition  is  said  to  be  sagging.  In  a  sagging 
ship,  the  weather  deck  tends  to  buckle  under 
compressive  stress  and  the  bottom  platingtends 
to  stretch  under  tensile  stress.  A  sagging  ship 
is  undergohig  longitudinal  bending— that  is.  It 
is  bending  In  a  lore-and-aft  direction. 

When  the  ship  advances  half  a  wave  length, 
so  that  the  crest  is  amidships  and  the  bow  and 
stem  are  over  troughs,  as  shown  in  flgure  2-5, 
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Figure  2-S,<-I-beam  with  load  placed 
over  center. 
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Figure  2-4.<-Sagging. 

the  stresses  are  reversed.  The  weather  deck 
Is  now  in  tensicm  and  the  bottom  plating  is  in 
compression.  A  ship  in  this  condition  is  said 
to  be  hogging.  Hogging,  like  sagging,  is  a  form 
of  longitudinal  bending.  The  effects  of  longitu- 
dinal bending  must  be  ccmsidered  in  the  design 
of  the  ship,  with  particular  reference  to  the 
overall  strength  thai  the  ship  must  have. 

In  structural  design,  the  terms  hull  girder 
and  ship  girder  are  used  to  designate  thestruc- 
tural  parts  of  the  hull.  The  structural  parts 
of  the  hull  are  those  parts  vAkldi  contribute  to 
its  strength  as  a  girder  and  provide  what  is 
known  as  longitudinal  strength.  Structural  parts 
include  the  framing  (transverse  and  longitu- 
dinal), the  shellplating,  the  decks,  and  the  longi- 
tudinal bulkheads.  These  major  strength  mem- 
bers enable  the  ship  girder  to  resist  the  various 
stresses  to  urtiich  it  is  subjected. 

The  ship  girder  is  siibjected  to  rapid  re- 
versal of  stresses  when  the  ship  is  in  a  seaway 
and  is  changing  from  a  hoggtaig  condition  to  a 
sagging  condition  (and  vice  versa),  since  these 
changes  occur  in  the  short  time  required  for 
the  wave  to  advance  half  a  wave  length.  Other 
dynamic  stresses  are  caused  by  pressure  loads 
forward  due  to  the  strip's  motion  ahead,  by 
panting^  of  forward  plating  due  to  variations 
of  pressure,  by  the  thrust  of  the  propeller,  and 
by  the  rolling  of  the  ship. 

Transverse  stress  results  from  the  pres- 
sure of  the  water  on  the  ship's  sides  irtrich 
subjects  the  trwimtrae  tnmtag,  deck  beams, 
and  sheUiflatlng  below  water  to  a  hydrostatic 
load.  Local  stresses  occur  in  the  vicinity  of 
masts,  windlasses,  winches,  and  heavy  weigbts. 
These  areas  are  strengthened^  thitker  deck 
plating  or  by  deeper  or  reinforced  deck  beams. 

h>aiiftlng  la  a  small  In-md-oat  working  of  the  plating 
at  the  bow. 


HULL  MEMBERS 

The  principal  strength  meml)er8  of  the  ship 
girder  are  at  the  top  and  bottom,  where  the 
greatest  stresses  occur.  The  tap  flange  in- 
cludes the  main  deck  {dating,  the  deck  stringers, 
and  the  sheer  strakes  of  the  side  plating.  The 
bottom  flange  includes  the  keel,  the  outer  bottom 
plating,  the  inner  bottom  plating,  and  any  con- 
tinuous longitudinals  in  way  of  the  bottom.  The 
side  webs  of  the  ship  girder  are  composed  of 
the  side  plating,  aided  to  some  extent  by  any 
long,  continuous  fore-and-aft  bulkheads.  Some 
of  the  strength  members  of  a  destroyer  hull 
girder  are  indicated  in  figure  2-6. 

Keel 

The  keel  is  a  very  inqportant  structural 
member  of  the  ship.  The  keel,  shown  in  figure 
2-7,  is  built  up  of  plates  and  angles  into  an 
I-beam  mbape.  The  lower  flange  of  this  I-beam 
structure  is  the  flat  keel  plate,  which  forms 
the  center  strake  of  the  bottom  plating*^ 

The  web  of  the  I-baam  is  a  solid  plate  which 
is  called  the  vertical  keel.  The  upper  flange 
is  called  the  rtder  plate;  this  forms  the  center 
strake  of  the  inner  bottom  plating.  An  inner 
vertical  keel  of  two  or  more  sections,  con- 
sisting of  I-beams  arranged  one  on  top  of  the 
other,  is  found  on  many  large  combatant  ships. 

Framing 

Flrames  used  hi  ship  constructicm  may  be  of 
various  shapes.  Figure  2-8  illustrates  frames 
of  the  an^e,  I-beam,  tee,  bulb  angle,  and  chan- 
nel shapes.  Figure  2-9  shows  two  types  of 
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Figure  2-5.— Hoggtaig. 


On  large  ships,  an  additional  member  la  attadied  to 
this  flai^  to  serve  as  the  center  strake. 
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Figure  2-6.— Destroyer  hull  girder,  showing  some  strength  members. 


built-tQ)  frames,  one  of  welded  construction  and 
the  other  of  riveted  construction. 

Frames  are  strength  members.  They  act 
as  integral  parts  of  the  ship  girder  when  the 
ship  is  eaqxssed  to  longitudinal  or  transverse 
stresses.  Frames  stiffen  the  plating  and  keep 
it  from  bulging  or  buckling.  They  act  as  girders 
between  bulkheads,  decks,  and  double  bottoms, 
and  transmit  forces  exerted  by  load  weights 
and  water  pressures.  The  frames  also  support 
the  inner  and  outer  shell  locally  and  protect 
against  unusual  forces  such  as  those  caused 
by  underwater  eq^osions.  As  may  be  hiferred, 
frames  are  called  upon  to  perform  a  variety 
of  functions,  depending  tqxm  the  location  of  the 
frames  in  the  ship.  Figure  2-10  shows  a  web 
frame  used  in  wing  tank  construction. 

There  are  two  important  systems  of  fram- 
ing In  current  use:  the  transverne  system  and 
the  longitudinal  system.  The  transverse  system 
provides  for  continuous  transverse  frames  with 
the  longitudinals  Intercostal  between  them. 
Transverse  frames  are  closely  spaced  and 
a  small  nuniber  of  longitudinals  are  used.  The 
longttudtaal  system  of  framing  consists  of 
closely  spaced  longitudinals  trtilch  are  con- 
tinuous along  the  length  of  the  i^to,  with  trans- 
verse frames  Intercostal  betWMn  the  longitu- 
dinals. 

Tlransverse  frames  are  attached  to  the  keel 
and  extend  from  the  keel  outward  around  the 


turn  of  the  bUge  and  up  to  the  edge  of  the  main 
deck.  They  are  closely  spaced  along  the  length 
of  the  ship,  and  they  define  the  form  of  the  ship. 

Longitudinals  (fig.  2-11)  run  parallel  to  the 
keel  along  the  bottom,  bUge,  and  side  plating. 
The  longitudinals  provide  longitudinal  strength, 
stiffen  the  shellplatlng,  and  tie  the  transverse 
frames  and  the  bulkheads  together.  The  longi- 
tudinals hi  the  bottom  (called  side  keelsons) 
are  of  the  bullt-tqp  type. 

Where  two  sets  of  firames  intersect,  one 
set  must  be  cut  to  allow  for  the  other  set 
The  frames  which  are  cut,  and  thereby  weakened, 
are  known  as  Intercostal  frames:  those  vAich 
continue  through  are  called  continuous  frames. 
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Figure  2-7.— One  type  of  keel  Btructore. 
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Figure  2-8.»Angley  I-beam,  tee,  bulb 
angle,  and  channel  frames. 


11.30(147)6 
Figure  2-9.»BuUt-up  frames. 
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Figure  2-10.»Web  frame  used  in  wing 
tank  construction. 

Both  intercostal  and  continuous  frames  are 
shown  in  figure  2-12. 

A  cellular  form  at  framing  ^results  firom  a 
cottibination  of  loogltudi]^  and  transverse 
framing  systems  utilising  closely  spaced  deep 
framing.  Cellular  fkvming  Is  used  on  most 
naval  ships. 


VCL 
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Figure  2-ll.»Ba8ic  firaxne  section 
(longitudinal  framing). 


In  the  bottom  framing,  v^ch  is  probably 
the  strongest  part  of  a  sh^'s  structure,  the 
floors  and  keelBons  are  integrated  into  a  rigid 
celltdar  ccmstruction  ^g.  2-13).  Heavy  loads 
such  as  the  ship's  prq;ndsion  macliinery  are 
bolted  to  fotwdations  vAiich  are  built  directly 
on  top  of  the  bottom  framing  (fig.  2-14). 

Double  Bottom 

In  many  naval  ships,  ttie  Inner  bottom  {dat- 
ing is  a  vratertlg^  covering  laid  on  top  of  the 
bottom  framing.  The  shelliflating,  frataing^ 
and  inner  bottom  plating  form  the  space  known 
as  the  double  bottom.  This  space  may  be  used 
for  stowage  of  fresh  water  or  foel  oa  or  it 
may  be  used  for  ballasting. 

The  Inner  bottom  plating  is  a  second  Skin 
Inside  the  bottom  of  the  ship.  It  prevents 
flooding  In  tlie  event  of  damage  to  the  outer 
bottom,  and -it  also  acts  as  a  strength  member. 

Stem  and  Bow  Structure 

The  stem  assemUy,  which  Is  the  forward 
member  of  the  ship's  structure,  varies  In  form 
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Figure  2- Intercostal  and  continuous  frames. 
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Figure  2-13.--*BottQm  structure. 
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from  one  type  of  ship  to  another.  The  external 
shape  shown  in  figure  2-15  is  commonly  used 
(k  combatant  ships.  This  form  is  essentially 
bulbous  at  the  forefoot,  tapering  to  a  sharp 
entrance  near  the  waterline  and  agaiii  wktehing 
above  the  waterline. /  Figure  2-16  shows  the^ 
relationship  vbetweeh  the  stem  assembly  ahd 
tte  ked.  Mernt^  ^e  :  steni  :assemtfly  has  a;  : 
hbavy  centerlihe  i  m  which  is  cidled  the 
stem  port  (not  illustrated).  The  stem  post  is 
recessedS  along  its  dfter  edge  to  rebeive  the 


This  recess  i9  called  a  rabbet. 


shellplatingi  so  that  the  outside  presents  a 
smooth  surface  to  cut  through  the  water.  The 
keel  structure  is  securely  fastened  to  the  lower 
end  of  the  stem  by  welding.  The  stem  maintains 
the  continuity  ot  the  keel  strength  up  to  the  main 
deck.  The  decks  support  the  stem  at  various 
intermediate  points  along  the  stem  structure 
between  the  keel  and  the  decks. 

Triangular,  plates  known  as  breart  bpoks 
are  fitted  parallel,  to  and  between  the  decks  or 
side  stringers  in  the  bow  for  the  purpose  of 
rigidly  fartening  together  the  peak  frames,  the 
stem,  and  the  outside  plating. 
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Stern  Structure 

The  aftermost  section  of  the  ship's  structure 
is  the  stern  post^  which  is  rigidly  secured  to  the 
keel,  shellplatingi  and  decks.  On  single-screw 
ships,  the  stern  post  is  constructed  to  accom- 
modate the  prqpeller  shaft  and  rudder  stock 
bosses.  Because  of  its  intricate  form,  the  stem 
post  is  usually  either  a  steel  casting  or  a  com- 
bination of  castings  and  forgings.  In  modern  war- 
ships having  transom  stems,  multiple  screws, 
and  twin  mdders,  the  stem  post  as  such  is  diffi- 
cult to  define,  since  it  has  been  replaced  by  an 
equivalent  structure  of  deep  framing.  This  struc- 
ture (fig.  2-17)  consists  of  both  longitudinal  and 
transverse  framing  that  extends  throughout  the 
width  of  the  bottom  in  the  vicinity  of  the  stem. 
In  order  to  withstand  the  static  and  dynamic  loads 
imposed  by  the  mdders,  the  stern  structure  is 
strengthened  in  the  vicinity  of  the  rudder  post  by 
a  structure  known  as  the  mdder  post  weldment 
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Figure  2-15«— Bulbous-bow  configuration* 
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Plating 

The  outer  bottom  and  side  plating  forms  a 
strong,  watertight  shell.  Shellplating  consists  of 
approximately  rectangular  steel  plates  arranged 
longitudinally  in  rows  or  courses  called  strakes. 
The  strakes  are  lettered,  beginning  with  the  A 
strake  (also  called  the  garboard  strake)  which 
is  Just  outboard  of  the  keel  and  working  up  to 
the  uppermost  side  strake  (called  the  sheer 
strake). 

The  end  joint  formed  by  adjoining  plates  in  a 
strake  is  called  a  butt.  The  joint  between  the 
edges  of  adjoining  strakes  is  called  a  seam. 
Butts  and  seams  in  side  plating  are  illustrated 
in  figure  2-18. 

Since  the  hull  structure  is  composed  of  a 
great  many  individual  pieces,  the  strength  and 
tightness  of  the  ship  as  a  whole  depend  very 
much  upon  the  strength  and  tightness  of  the 
connections  between  the  individual  pieces.  In 
modern  naval  ships,  welded  joints  are  used  to  a 
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-  Figure  2-17.— Stern  structure. 
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Figure  2-18.— Section  of  ship, 

very  great  extent.  However,  riveted  joints  are 
still  used  for  some  applications. 

Bilge  Keels 

Bilge  keels,  which  may  be  seen  in  figures 
2-11,  2-13,  and  2-14,  are  fitted  in  practically 
all  ships  at  the  turn  of  the  bilge.  The  bilge  keels 
extend  fifty  to  seventy-five  percent  of  the  length 
of  the  hull.  A  bilge  keel  usually  consists  of  a 
plate  about  12  inches  deep,  fstanding  at  rig^t 
angles  to  the  shellplatbig  and  secured 'to  the 
shellplating  by  double  angles.  On  more  recent 
ships,  bilge  keels  consist  of  two  plates  forming 
a  Vee  shq[>e  welded  to  the  bull  and  on  large 
ships  may  extend  out  from  the  hull  nearly  three 
feet.  Bilge  keels  serve  to  reduce  the  extent  of 
the  ship's  rdUing. 

Decks  < 

Decks  provide  both  longitudinal  and  trans- 
verse strength  to  the  ship.  Deck  plates,  vdiich 
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showing  plating  and  framing. 

are  similar  to  the  plates  used  inside  and  bottom 
shellplating,  are  siq^ported  by  deck  beams  and 
deck  longitudinals. 

The  term  strength  deck  is  generally  applied 
to  the  deck  which  acts  as  the  tap  flange  of  the 
bull  girder,  ft  is  the  highest  continuous  deck- 
usually  the  main  or  weather  deck.  However,  the 
term  strength  decJc  may  be  applied  to  any  con- 
tinuous  deck  which  carries  some  of  the  longi- 
tudinal load.  On  destroyers  and  similar  ships 
in  which  the  main  deck  is  the  only  continuous 
hi{^  dock,  the  main  deck  is  the  strength  dedc 
The  flic^t  deck  is  the  strength  deck  on  recent 
large  aircraft  carriers  (CVAs)  and  helicppter 
support  ships  (LPH),  but  the  main  or  hangar 
deck  is  the  strength  deck  on  older  types  of  car- 
riers. 

The  main  deck  is  siQlported  by  deck  beams 
and  deck  longitudinals.  Deck  beams  are  the 
transverse  members  of  the  framing  structure. 
The  beams  are  attached  to  and  supported  by  the 
frames  at  the  sides,  as  shown  in  figure  2-19. 
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In  most  naval  construction^  light  deckbeams  are 
interspaced  at  regular  intervals  with  deep  deck 
beams.  Deck  longitudinals  are  used  to  provide 
longitudinal  strength.  When  possible,  the  heavi- 
est longitudinals  are  located  at  the  center  and 
near  the  outboard  edges. 

The  outboard  strake  of  deck  plating  which 
connects  with  the  shellplating  is  called  the  deck 
stringer  (fig.  2-11).  The  deck  stringer,  which 
is  heavier  than  the  other  deck  strakes,  serves 
as  a  continuous  longitudinal  stringer,  providing 
longitudinal  strength  to  the  ship's  structure. 


Upper  Decks  and  Siqperstructure 

The  decks  above  the  main  deck  are  not 
strength  decks  on  most  ships  other  than  CVAs. 
The  upper  decks  are  usually  interrupted  at  in- 
tervals by  e3q[)ansion  Joints.  The  esqpansion  Joints 
keep  the  upper  decks  from  acting  as  strength 
decks  (which  they  are  not  designed  to  be)  and 
thus  prevent  cracking  and  buckling  of  deck 
houses  and  superstructure. 

Stanchions 

In  order  to  reinforce  the  deck  beams  and 
to  keep  the  deck  beam  brackets  and  side  frames 
from  carrying  the  total  load,  vertical  stanchions 
or  columns  are  fitted  between  decks.  Stanchions 
are  constructed  invariousways  of  various  mate- 
rials. Some  are  maide  of  pipe  or  rods;  others 
are  built  up  of  various  plates  and  shapes,  welded 
or  riveted  together.  The  stanchion  shown  in 
figure  2-20  is  in  fairly  common  use;  this  pipe 
stanchion  consists  of  a  steel  tube  iRAiich  is  fitted 
with  special  pieces  for  securing  it  at  the  upper 
end  (head)  i^nd  at  the  lower  end  (heel). 

Bulkheads 

Bulkheads  are  the  vertical  partitions  which, 
extending  athwartships  and  fore  and  aft,  provide 
compartmiehtation  to  the  interior  of  the  ship. 
Bulkheads  may  be  either  structural  or  nonstruc- 
tural. Structural  bulkheads,  which  tie  the  shell- 
plating,  framing,  and  decks  together,  are  capable 
of  withstanding  fluid  pressure;  these  bulkheads 
usually  provide  watertig^t^^compartmentation. 
Nonstructural  bulkheads  are  lifter;  they  are 
used  chiefly  for  s^arating  activities  aboard 
ship. 
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Figure  2-19.— Deck  beam  and  frame. 
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Figure  2-20.— Pipe  stanchion. 


147.23 


25 

30 


PRINCIPLES  OF  NAVAL  ENGINEERING 


Bulkheads  consist  of  plating  and  reinforcing 
beams.  The  reinforcing  beams  are  haiown  as 
bulMiead  stiffeners.  Two  types  of  bulkhead  stlf- 
feners  are  shown  in  figure  2-21.  BuUdiead 
stiffeners  are  usually  placed  in  the  vertical 
plane  and  aligned  with  deck  longitudinals;  the 
stiffeners  are  secured  at  top  and  bottom  to  any 
intermediate  deck  by  brackets  attached  to  deck 
plating.  The  size  of  the  stiffeners  depends 
upon  their  spacing,  the  height  of  the  bulkhead, 
and  the  hydrostatic  pressure  which  the  bulkhead 
is  designed  to  withstand. 

Bulkheads  and  bulkhead  stiffeners  must  be 
strong  enough  to  resist  excessive  bending  or 
bulging  In  case  of  flooding  in  the  compartments 
which  they  bound.  Jt  too  much  deflection  takes 
place,  some  of  the  seams  might  fail. 

In  order  to  form  watertight  boundaries, 
structural  bulkheads  must  be  Joined  to  all 
decks,  sbellplating,  bulkheads,  and  other  struc- 
tural members  with  which  they  come  in  contact. 
Main  transverse  bulkheads  extend  continuously 
through  the  watertight  volume  of  the  ship,  from 
the  keel  to  the  main  deck,  and  serve  as  flooding 
boundaries  in  the  event  of  damage  below  the 
waterline. 

In  general,  naval  ships  are  divided  into  as 
many  watertight  compartments,  both  above  and 
below  the  waterline,  as  are  compatible  with  the 
missions  and  functions  of  the  ships.  The  com- 
partmentation  provided  by  transverse  and  longi- 
tudinal bulkheads  is  illustrated  in  the  bow  sec- 
tion shown  in  figure  2-22. 

SHIP  COMPARTMENTATION 

Every  space  In  a  naval  ship  -(except  for 
minor  spaces  such  as  peacoat  lockers,  linen 
lockers,  cleaning  gear  lockers,  etc.)  is  consid- 
ered as  a  compartment  and  is  assigned  an  iden- 
tifying letter-number  symbol.  This  symbol  is 
marked  on  a  label  plate  secured  to  the  door, 
hatch,  or  bulkhead  of  the  compartment. 

There  are  two  systems  of  numbering  com- 
partments, one  for  ships  built  prior  to  March 
1949  and  the  other  for  ships  built  after  March 
1949.  In  both  of  these  systems,  compartments 
on  the  port  side  end  in  an  even  number  and  those 
on  the  starboard  side  end  In  an  odd  number.  In 
both  systems,  a  zero  precedes  the  deck  number 
for  all  levels  above  the  main  deck. 

Figure  2-23  illustrates  both  systems  of 
niunberlng  decks.  The  older  siiir^em  identifies 
decks  by  ttie  numbers  100,  200,  300,  etc.,  with 
the  number  900  always  being  used  for  the  double 
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Figure  2-21.— Bulkhead  stiffeners. 
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Figure  2-22.— Compartmentation  provided  by 
transverse  and  longitudinal  bulkheads. 

bottoms.  In  the  newer  system,  decks  are  iden- 
tified as  1,  2,  3,  4,  etc.,  and  the  double  bottoms 
are  given  whatever  number  falls  to  them. 
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SHIPS 
BUILT 
BEFORE 
MAR^49 

SHIPS 
BUILT 
AFTER 
MAR^^S 

0400 

04 

0900 

7Sz(5tr 

MAIN  DECK 

1 

 MAULfififiK  

\    SECOND  DECK 

SECOND  DECK 

/  200 

1     THIRD  DECK 

■  •  • 

THIRD  DEOK                       f  300 

rim 

V  PLATFOfWI 

eOlLER 

AND 

PLATFORM                     1  40Cr 

V  PLATFORM 

MACHINERY  SPACES 

PLATFORM                     /  500 

HOLD                        /  500^ 

5 

"NlUDDEH 

^DOUBLE  BOTTOMS 

J 

Figure  2-23.— Deck  symbols  for  naval  ships. 
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SHIPS  BUILT  BEFORE  MARCH  1049 

For  ships  built  prior  to  March  1949,  the  first 
letter  of  the  Identifsrlng  symbol  Is  A,  B,  or  C, 
and  indicates  the  section  of  the  shlpln^lch  the 
compartment  is  located.  The  A  section  extends 
from  the  bow  of  the  slilp  aft  to  the  forward  bulk- 
head of  the  engineering  spaces.  The  B  section 
Includes  the  engineering  spaces,  vdiile  the  C 
section  extends  from  the  after  bulkhead  of  the 
engineering  spaces  aft  to.  the  stem.  The  divi- 
sions of  the  ship  are  indicated  in  figure  2-24. 
The  lower  half  of  the  diagram  shows  the  ntmi- 
bering  of  compartments,  beginning  at  the  forward 
end  of  each  section.  The  even  nimibers  are  on 
the  port  side  and  the  odd  numbers  are  on  the 
starboard  side. 

After  the  division  letter,  the  deck  designation 
comes  next  in  the  ssrmbol.  Main  deck  compart- 
ments are  indicated  by  numbers  from  101  to  199. 


Second  deck  compartments  run  from  201  through 
299,  third  deck  compartments  form  a  300  series, 
etc.  A  zero  preceding  the  number  indicates  a 
location  above  the  main  deck.  The  double  bot- 
toms always  form  the  900  series  on  any  ship 
built  before  March  1949,  regardless  of  the 
number  of  decks  above. 

The  use  of  the  compartments  is  indicated 
by  the  following  letters: 

A— Supply  and  storage 

Control 
E— Machinery 
F— Fuel 

L— Living  quarters 

M— Ammunition 

T— Trunks  and  passages 

V-Voids 

W-Water 


I 


supeRSTRueTURe 

PIIOTECTIVC 


STCHN 


C-217-.A 


STARBOARD 


L 


Supply  compartment 

.Compartment  number  (starboard 
Bide) 

-Second  deck 

.After  part  of  ship  (C  section) 


'         '«  3.107 
Figure  2-24.— Divisions  of  a  ship  built  prior  to 
March  1949. 
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Figure  2-25.— Example  of  compartment  symbol 
on  ship  built  prior  to  March  1949. 
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Letter 

Type  of  compartment 

Examples 

A 

Storerooms;  issue  rooms;  refrigerated 
compartments* 

AA 

Cargo  holds  and  cargo  refrigerated 
compartments* 

C 

Control  centers  for  ship  and 
fire-control  pperatione 
(normally  manned)* 

CIC  room;  plotting  rooms p  communi- 
cation centers;  radio,  radar,  and 
sonar  operating  spaces;  pilQt 
house. 

E 

Engineering  control  centers 
(normally  manned)* 

Main  propulsion  spaces;  boiler 

rooms;  evaporator  rooms;  steering 
gear  rooms;  auxiliary  machinery 
spaces;  pumprooms;  generator 
rooms ;  switchboard  rooms ;  wind- 
las  s  rooms. 

F 

Oil  stowage  compartments  (for 
use  by  ship); 

Fuel- oil,  diesel-oili  lubricating- 
oil,  and  fog- oil  compartments* 

TT 

Oil  stowage  compartments 
(cargo). 

Compartments  carrying  various  types 
of  oil  as  cargo* 

G 

Gasoline  stowage  compartments 
(use  by  ship)* 

Gasoline  tanks,  coff erdam;:* ,  tninkSi 
and  pumprooms* 

GG 

Gasoline  stowage  compartments 
(cargo). 

Gasoline  compartments  for  carrying 
gasoline  as  cargo* 

K 

Chemicals  and  dangerous  mate- 
rials (other  than  oil  and  gas- 
oline). 

ChemicalSi  semisafe  materials,  and 
dangerous  materials  carried  for 
ship's  use  or  as  cargo* 

•  L 

Berthing  and  messing  spaces;  state- 
rooms, washrooms,  heads,  brigs; 
sickbays,  hospital  spaces;  and 
piBLSsageways* 

M 

Magazines;  handling  rooms;  turrets; 
gun  mounts;  shell  rooms;  ready 
service  room's ;  clipping  rooms* 

Q 

Miscellaneous  spaces  not  covered 
by  other  letters. 

Shops;  offices;  laundry;. galley;  pan- 
tries; unmanned  engineering,  elec- 
trical, and  electronic  spaces* 

T 
V 

Escape  trunks  or  tubes* 

Cofferdam  compartments  (other  than 
gasoline);  void  wing  compartments; 
wiring  trunks* 

W 

,  - '< 

1 

Drainage  tanks;  fresh  water  tanks; 
peak  tanks;  reserve  feed  tanks* 

Figure  2-26*-C6ini>artment  letters  for  ships  buUt  after  March  1949* 
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An  example  of  a  compartment  symbol  on  a 
ship  built  prior  to  March  1040  is  given  in  figure 
2-25. 

SHIPS  BUILT  AFTER  MARCH  1049 

For  ships  constructed  after  March  1040,  the 
compartment  numbers  consist  of  a  deck  num- 
ber, frame  number,  relation  to  centerline  of 
ship,  and  letter  showing  use  of  the  compartment. 
These  are  separated  by  dashes.  The  A,  B,  C 
divisional  system  is  not  used. 

The  main  deck  is  always  numbered  1.  The 
first  deck  or  horizontal  division  below  the  main 
deck  is  numbered  2;  the  second  below  is  num- 
bered 3;  etc.,  consecutively  for  subsequent 
lower  division  boundaries.  Where  a  compart- 
ment extends  down  to  the  bottom  of  the  ship, 
the  number  assigned  the  bottom  compartments 
is  used.  The  first  horizontal  division  above  the 
main  deck  is  numbered  01,  the  second  above  is 
numbered  02,  etc.,  consecutively,  for  subsequent 
upper  divisions.  The  deck  number  becomes  the 
first  part  of  the  compartment  number  and  indi- 
cates the  vertical  position  within  the  ship. 

The  frame  number  at  the  foremost  bulkhead 
of  the  enclosing  boundary  of  a  compartment  is  its 
frame  location  number.  Where  these  forward 
boundaries  are  between  frames,  theframenum- 
ber  forward  is  used.  Fractional  numbers  are  not 
used.  Th6  frame  number  becomes  the  second 
part  of  the  compartment  number. 

Compartments  located  so  that  the  centerline 
of  the  ship  passes  through  them  carry  the  num- 
ber 0.  Compartments  located  completely  to 
starboard  of  the  centerline  are  given  odd  num- 
bers and  those  completely  to  port  of  the  center- 
line  are  given  even  numbers.  Where  two  or 
more  compartments  have  the  same  deck  and 
frame  number  and  are  entirdy  to  port  or  en- 
tirely to  starboard  of  the  centerline,  they  have 
consecutively  higher  odd  or  even  numbers,  as 
the  case  may  be,  numbering  from  the  centerline 
outboard.  In  this  case,  the  first  compartment 
outboard  of  the  centerline  to  starboard  is  1;  the 
second  is  3,  etc.  Similarly,  the  first  compart- 
ment outboard  of  the  centerline  to  port  is  2; 
the  second  4,  etc.  When  the  centerline  of  the 
ship  passes  through  more  than  one  compart- 
menty  the  compartment  having  that  portion  of 
the  forward  bulkhead  through  which  the  center- 
line  of  the  ship  passes  carries  the  number  0, 
and  the  others  carry  the  niimbers  01,  02,  03, 
etc.,  in  any  sequence  found  desirable.  Tliese 
numbers  indicate  the  relation  to  the  centerline, 


and  are  the  third  part  of  the  compartment 
number. 

The  fourth  and  last  part  of  the  compartment 
number  is  the  capital  letter  which  identifies 
the  assigned  primary  usage  of  the  compart- 
ment. A  single  capital  letter  is  used,  except  that 
on  dry  and  liquid  cargo  ships  a  double  letter 
designation  is  used  to  identify  compartments 
assigned  to  cargo  carrying.  The  compartment 
letters  for  ships  built  after  March  1040  are 
shown  in  figure  2-26.  An  example  of  a  com- 
partment symbol  cm  a  ship  built  after  March 
1040  is  given  in  figure  2-27. 


I  Ammunition  compartment 

I  Second  compartment  outboard  of 

the  centerline  to  port 

I  I  ynruiard  boundary  is  on  or  im- 

mediately aft  of  frame  75 

 Third  deck 
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Figure  2-27.^Example  of  compartment  symbol 
on  ship  built  after  March  1040. 

GEOMETRY  OF  THE  SHIP 

Since  a  ship's  hull  is  a  three-dimensional 
object  having  length,  breadth,  and  depth;  and 
since  the  hull  has  curved  surfaces  in  each 
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Figure  2-28.^Transver8e,  horizontal,  and  ver- 
tical planes. 
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dimension,  no  single  drawing  of  a  ship  can 
give  an  accurate  and  complete  representation 
of  the  lines  of  the  hull.  Jn  naval  architecture, 
a  hull -shape  is  shown  by  means  of  a  lines 
drawing  (sometimes  referred  to  merely  as  the 
lines  (rf  the  ship).  The  lines  drawing  consists 
of  three  views  or  projections— a  body  plan,  a 
half-breadth  plan,  and  a  sheer  plan— which  are 
obtained  by  cutting  the  hull  by  transverse, 
horizontal,  and  vertical  planes  (fig.  2-28).  The 
use  of  these  three  planes  to  produce  the  three 
projections  is  illustrated  in  figure  2-29. 
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Figure  2.29.-*Half-breadth  plan,  body  plan,  and 
sheer  plan. 

In  addition  to  using  transverse,  horizontal, 
and  vertical  planes,  ship  designers  frequently 
use  a  set  of  planes  known  as  diagonals.  A 
diagonal  plane  is  illustrated  in  figure  2-30. 
As  a  rule,  three  diagonals  are  used;  these  are 
identified  as  diagonal  A^  diagbniil  B,  and  diag- 
onal C.  Diagonals  are  frequently  shown  as 
projections  on  the  body  plan  and  on  the  half- 
breadth  plan* 
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Figure  2-30.— Diagonal  plane. 
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Figure  2- 31  .-Transverse  planes  and  body  plan. 
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Figure  2-32.— Body  plan  of  a  YTB. 
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BODY  PLAN 


To  visualize  the  projection  known  as  the  body 
plan,  we  must  imagine  the  ship's  hull  cut 
transversely  in  several  places,  as  shown  in 
part  A  of  figure  2-31.  The  shape  of  a  transverse 
plane  intersection  of  the  hull  is  obtained  at  each 
cut;  when  the  resulting  curves  are  projected 
onto  the  body  plan  (part  B  of  fig.  2-31)  they  show 
the  changing  shape  of  transverse  secticms  of  the 
huU. 

Since  the  hull  is  symmetrical  about  the 
centerline  of  the  ship,  only  one-half  of  each 
curve  obtained  by  a  transverse  cut  is  shown  on 
the  body  plsm.  Each  half  curve  is  called  a  half 
station.  The  right-hand  side  of  the  body  plan 
shows  the  forward  half  stationsr^that  is,  the 
half  stations  resulting  from  tj^sverse  cuts 
between  the  bow  and  the  middle  of  the  ship. 
The  left-hand  side  of  the  body  plan  shows  thie 
aft  half  stations-that  is,  the  haU  stations 


resulting  from  transverse  cuts  between  the 
stem  and  the  middle  of  the  ship. 

As  may  be  Inferred,  a  station  is  a  complete 
curve  such  as  would  be  6btained  if  each  trans- 
verse cut  were  projected  completely,  rather 
than  as  half  a  curve,  onto  the  body  plan.  The 
stations  are  numbered  from  forward  to  aft, 
dividing  the  hull  into  equally  spaced  transverse 
sections.  The  station  where  the  forward  end 
of  the  designer's  waterline^  and  the  stem 
contour  intersect  is  known  as  the  forward 
perpendicular,  or  station  O.  The  station  at  the 
intersection  of  the  stem  contour  and  the  de- 
signer's waterline  is  known  as  the  after  per- 
pendicular. The  station  midway  between  the 


The  waterline  at  which  the  ship  is  designed  to  floiU 
is  known  as  the  designer's  waterline. 
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WATERtlNES 


V  ^ 


A 


DIAGONALS 


Figure  2-33.— Horizontal  planes  and  haif-breadth  plan. 
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forward  and  after  perpendiculars  Is  known  as 
the  middle  perpendicular. 

> 

Ah  actual  body  plan  for  a  YTB  Is  shown  In 
figure  2-32.  Note  the  projection  of  the  diagonals 
on  this  body  plan. 

HALF-BREADTH  PLAN 

To  visualize  the  half-breadth  plan,  we  must 
imagine  the  ship's  hull  cut  horizontally  In 
several  places,  as  shown  In  part  A  of  figure 
2-33.  The  cuts  are  designated  as  waterllnes. 
although  the  ship  could  hot  possibly  float  at 
many  of  these  lines.  The  base  plane  which 
serves  as  the  point  of  origin  for  waterllnes 
Is  usually  the  horizontal  pUuie  that  coincides 
with  the  top  of  the  flat  keel.  Waterllnes  are 
designated  according  to  their  distance  above 
the  base  plane;  for  examjplle,  we  may  have  a 


6-foot  waterllne,  an  8-foot  waterllne,  a  10-foot 
waterllne,  and  so  forth. 

The  waterllnes  are  projected  onto  the  half- 
breadth  plan,  as  shown  In  part  B  of  figure  2-33. 
Since  the  hull  Ig  symmetrical,  only  half  of  the 
waterllnes  are  shown  In  the  half-breadth  plan. 
Diagonals  are  frequently  shown  on  the  other  half 
of  the  half-breadth  plan. 

SHEER  PLAN 

To  visualize  the  sheer  plan^  we  must  Imagine 
the  ship's  hull  cut  vertically  In  several  places, 
as  shown  In  part  A  of  figure  2-34.  The  resultant 
curves,  known  as  buttocks  or  as  bow  and  but- 
tock lines;  are  projected  onto  the  sheer  plan, 
as  shown  In  part  B  of  figure  2-34.  The  center- 
line  plane  Is  designated  as  zero  buttock.  The 
other  buttocks  are  designated  according  tothelr 
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Figure  2-34.-Vertical  planes  and  sheer  plan. 
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distance  from  zero  buttock.  The  spacing  of  of  the  forward  and  after  quarters  of  the 
the  vertical  cuts  is  chosen  to  show  the  contours  ship. 
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CHAPTERS 


STABILITY  AND  BUOYANCY 


This  chapter  deals  with  the  principles  of 
stability,  stability  curves,  the  inclining  experi- 
ment, effects  of  weight  shifts  and  weight  changes, 
effects  of  loose  water»  longitudinal  stability  and 
effects  of  trim,  and  causes  of  impaired  stability. 
The  damage  control  aspects  of  stability  are 
discussed  in  chapter  4  of  this  text. 

PRINCIPLES  OF  STABILITY 

A  floating  body  is  acted  upon  by  forces  of 
gravity  and  forces  of  buoyancy.  The  algebraic 
sum  of  these  forces  must  equal  zero  if  equilib- 
rium is  to  exist. 

Any  object  exists  in  one  of  three  states  of 
stability:  stable,  neutral,  or  unstable.  We  may 
illustrate  these  three  states  by  placing  three 
cones  on  a  table  top,  as  shown  in  figure  3-1. 
When  cone  A  is  tipped  so  that  its  bs^e  is  off 
the  horizontal  plane,  it  tends,  up  to  a  certain 
angle  of  inclination,  to  assume  its  original 
position  again.  Cone  A  is  thus  an  example  of  a 
stable  body-that  is,  one  which  tries  to  attain 
its  original  position  through  a  specified  range 
of  angles  of  inclination. 

Cone  B  is  an  example  of  neutral  stability. 
When  rotated,  this  cone  may  come  to  rest  at*' 
any  point,  reaching  equilibrium  at  some  angle  of 
inclination. 

Cone  C,  balanced  upon  its  apex,  is  an  example 
of  an  unstable  body.  Following  any  slight  in- 
clination by  an  external  force,  the  body  will 
come  to  rest  in  a  new  position  where  it  will 
be  more  stable. 

From  Archimedes'  law,  we  know  that  an 
object  floating  on  or  submerged  in  a  fluid  is 
buoyed  up  by  a  force,  equal  to  the  weight  of  the 
fluid  it  displaces.  The  weight  (displacement) 
of  a  ship  depends  upon  the  weight  of  all  parts, 
equipment,  stores,  and  pefsonneL  This  .total 
weight  represents  the  effect  of  gravitational 
force.  When  a  ship  is  floated,  she  sinks  into 


the  water  until  the  weight  of  the  fluid  displaced 
by  her  underwater  volume  is  equal  to  thewei^t 
of  the  ship.  At  this  point,  the  ship  is  in  equilib- 
rium—that is,  the  forces  of  gravity  (G)  and 
the  forces  of  buoyancy  (B)  are  equal,  and  the 
algebraic  sum  of  all  forces  acting  upon  the  ship 
is  equal  to  zero.  This  condition  is  shown  in 
part  A  of  figure  3-2.  If  the  underwater  volume 
of  the  ship  is  not  sufficient  to  displace  an 
amount  of  fluid  equal  to  the  weight  of  the  ship, 
the  ship  will  sink  (part  B  of  fig.  3-2)  because 
the  forces  of  gravity  are  greater  than  the 
forces  of  buoyancy. 

The  depth  to  which  a  ship  will  sink  when 
floated  in  water  depends  upon  the  density  of 
the  water,  since  the  density  affects  the  weight 
per  unit  volume  of  a  fluid.  Thus  we  may  expect 
a  ship  to  have  a  deeper  draft  in  fresh  water 
than  in  salt  water,  since  fresh  water  is  less 
dense  (and  therefore  less  buoyant)  than  salt 
water. 

Although  gravitational  forces  act  everywhere 
upon  the  ship,  it  is  not  necessary  to  attempt  to 
consider  these  forces  separately.  Instead,  we 
.mayTegard  the  total  force  of  gravityasa  single 
*  r^esultant  or  composite  force  which  acts  verti- 
cally downward  through  the  ship's  center  of 
gravity  (G).  Similarly,  the  force  of  buoyancy 
may  be  regarded  as  a  single  resultant  force 
which  acts  vertically  upward  through  the  center 
of  buoyancy  (B)  located  at  the  geometric  center 
of  the  ship's  underwater  body.  When  a  ship  is 
at  rest  in  calm  water,  the  center  of  gravity 
and  the  center  of  buoyancy  lie  on  the  same 
vertical  line. 

DISPLACEMENT 

Since  weight  (W)  is  equal  to  the  displacement, 
it  is  possible  to  measure  ttie  volume  of  the  under- 
water body  (V)  in  cubic  feet  and  multiply  this 
volume  by  the  weight  of  a  cubic  foot  of  sea 
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147.30 

Figure  3-1.— Three  states  of  stability. 
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Figure  3-2.«bteractlon  of  force  of  gravity 
and  force  of  buoyancy. 

ivater,  in  order  to  find  what  the  ship  weighs. 
This  relationship  may  be  written  as: 

(1)  W=  Vx 


(2)  V=35W 

where 

V  =  volume  of  displaced  sea  water,  in 
cubic  feet 

W  a  weighty  in  tons 

35  e  cubic  feet  of  sea  water  per  ton 
(Whai  dealing  with  ships,  it  is  cus- 
tomary to  use  the  long  ton  of  2240 
pounds.) 

It  is  also  obvious,  then,  that  displacement 
will  vary  with  draft.  As  the  draft  increases, 
the  displacement  increases.  This  Is  indicated  in 
figure  3-3  by  a  series  of  displacements  shown 
for  successive  draft  lines  on  the  midship  section 
of  a  cruiser. 


The  volume  of  an  underwater  body  for  a  given 
draft  line  can  be  measured  in  the  drafting  room 
by  using  graphic  or  mathematical  means.  This 
is  done  for  a  series  of  drafts  throughout  the 
probable  range  of  displacements  in  which  a  ship 
is  likely  to  operate.  The  values  obtained  are 
plotted  on  a  grid  on  which  feet  of  draft  are  mea- 
sured vertically  and  tons  of  displacement  hori- 
zontally. A  smooth  line  is  faired  through  the 
points  plotted,  providing  a  curve  of  displacement 
versus  draft,  or  a  displacement  curve  as  it  is 
generally  called.  The  result  is  shown  in  figure 
3-4  for  a  cruiser. 

To  use  the  curve  shown  in  figure  3-4  for 
finding  the  disfflacement  when  the  draft  is  given, 
locate  the  value  of  the  mean  draft  on  the  draft 
scale  at  left  and  proceed  horizontally  across 
the  diagram  to  the  curve.  Then  drop  vertically 
downward  and  read  the  displacement  from  the 
scale.  For  example,  if  the  mean  draft  is  ?4  feet, 
the  displacement  found  from  the  curve  is  ap- 
proximately 14,700  tons. 

KB  VERSUS  DRAFT 

As  the  draft  increases,  the  center  of  buoyancy 
(B)  rises  with  respect  to  the  keel  (K).  Figure 
3-5  shows  how  different  drafts  result  in  dif- 
ferent values  of  KB,  the  height  of  the  center  of 
buoyancy  from  the  keel  (K).  A  series  of  values 
for  KB  is  obtained  and  these  values  are  plotted 
on  a  curve  to  show  KB  versus  draft.  Figure  3-6 
illustrates  a  typical  KB  curve. 

To  read  KB  when  the  draft  is  known,  start 
at  the  proper  value  of  draft  on  the  scale  at  the 
left  and  proceed  horizontally  to  the  curve. 
Then  drop  vertically  downward  to  the  baseline 
(KB). 

Thus,  if  a  ship  were  floating  at  a  mean  draft 
of  19  feet,  the  KB  found  from  the  chart  would 
be  approximately  10.5  feet. 


WATERUNE  f 

1  DISflACEMENT 

28  FEET  1 

1  17,900  TONS 

24  FEET  1 

I  14.800  TONS 

20  FEET  1 

1  11,800  TONS 

16  FEET  1 

J  8,800  TONS 

I2F5ET  Y 

/  6.900  TONS 

Figure  3-3.->Displacement  data. 
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Figure  3-4.^Di8placement  curve  of  a  cruiser. 
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RESERVE  BUOYANCY 


The  volume  of  the  watertight  portion  of  the 
ship  above  the  waterline  is  known  as  the  ship's 
reserve  buoyancy.  Freeboard,  a  rough  measure 
of  the  reserve  buoyancy,  is  the  distance  in  feet 
from  the  waterline  to  the  main  deck.  Frieeboard 
is  calculated  at  the  midship  section.  As  indicated 
in  figure  3-7,  freeboard  plus  draft  is  ecjlual  to 
the  depth  of  the  hull  in  feet. 

When  weight  is  added  to  a  ship,  draft  and 
difiplacement  increase  in  the  same  amount  that 
freeboard  and  reserve  buoyancy  decrease.  Re- 
serve buoyancy  is  an  important  factor  in  a 
ship's  ability  to  survive  flooding  due  to  damage. 
It  also  contributes  to  the  seaworthinesss  of  the 
ship  in  very  rough  weather. 

INCLINING  MOMENTS 

The  moment  of  a  force  is  the  tendency 6f  the 
force  to  produce  rotation  or  to  niove  an  object 
about  an  axis.  The  distance^etoeen  the  point 
at  which  the  force  is  actlrimhdTthe  zaAsM  ro- 
tation is  called  the  momehBtf^rm  or  the  lever 
arm  of  moment.  To  find  the  "^ue  of  a  moment, 
we  multiply  the  magnitude  of  tlf^^^^rce  by  the 


-^The  significance  of  the  distance  between  the  foi^ce^ 
and  the  axis  of  rotation  may  be  seen  if  we  consid^^ 
a  simple  see-waw.  If  two  persons  of  equal  wei|^  sit 
on  opposite  ends»  equally  distant  from  the  center 


distance  between  the  force  and  the  axis  of  ro- 
tation. The  magnitude  of  the  force  is  expressed 
in  some  unit  of  weight  (pounds,  tons,  etc.)  and 
the  distance  is  expressed  in  some  unit  of  length 
(inches,  feet,  etc.);  hence  the  unit  of  the  moment 
is  the  foot-pound,  the  foot-ton,  or  some  similar 
unit. 

When  two  forces  of  equal  magnitude  act  in 
opposite  and  parallel  directions  and  are  sepa- 
rated by  a  perpendicular  distance,  they  form  a 
couple.  The  moment  of  a  couple  is  found  by 
multiplying  the  magnitude  of  one  of  the  forces 
by  the  perpendicular  distance  between  the  lines 
of  action  of  the  two  forces. 

When  a  disturbing  force  exerts  an  inclining 
moment  on  a  ship,  causing  the  ship  to  heel  over 
to  some  angle,  there  is  a  change  in  the  shape 
of  the  ship's  underwater  body  and  a  consequent 
relocation  of  the  center  of  buoyancy.  Because 
of  this  shift  in  the  location  of  B,  B  and  G  no 
longer  act  In  the  same  vertical  line.  Instead 
of  acting  as  separate  equal  and  opposite  forces, 
B  and.G  now  form  a  couple. 

The  newly  formed  couple  produces  either  a 
?ighling  moment  or  an  upsetting  moment,  de- 
pencling  upon  the  relative  locations  of  B  and  G. 
The  ship  illustrated  In  figure  3-8  develops  a 


support,  the  see-saw  balances.  But  if  one  person 
moves  closer  to  or  farther  away  from  the  center, 
the  person  farthest  away  from  the  support  moves 
downward  because  the  effect  of  his  weigSit  is  greater. 
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RM  =  W  X  GZ 
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Figure  3-5.^Succe8Sive  centers  of  buoyancy 
(B)  for  different  drafts. 
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Figure  3-6.~KB  curve. 

righting  moment,  the  magnitude  of  which  is 
equal  to  the  magnitude  of  oaei  of  the  forces  (B 
or  G)  times  the  perpendicular  distance  (GZ) 
which  separates  the  lines  of  actionof  the  forces. 
The  distance  GZ  Is  known  as  the  righting  arm 
of  the  ship.  Mathematically, 
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where 

RM  =  righting  moment  ( in  foot-tons) 

W  =  displacement  (in  tons) 
GZ  =  righting  arm  (In  feet) 

For  example,  a  ship  which  displaces  10,000 
tons  and  has  a  2-foot  righting  arm  at  a  certain 
angle  of  inclination  has  a  righting  moment  of 
10,000  tons  times  2  feet,  or  ?0,000  foot-tons. 
This  20,000  foot-tons  represents  the  moment 
which  in  this  instance  tends  to  return  the  ship 
to  an  upright  position. 

Figure  3-9  shows  the  development  of  an  up- 
setting moment  resulting  from  the  inclination 
of  an  unstable  ship.  In  this  case,  it  is  apparent 
that  the  high  location  of  G  and  the  new  location 
of  B  contribute  to  the  development  of  an  up- 
setting moment  rather  than  a  righting  moment* 

THE  METACENTER  (M) 

A  ship's  metacenter  is  the  intersection  of 
two  successive  lines  of  action  of  the  force  of 
buoyancy  as  the  ship  heels  through  a  very  small 
angle.  Figure  3-10  shows  two  lines  of  buoyant 
force.  One  of  these  represents  the  ship  on  an 
even  keel,  the  other  is  for  a  small  angle  of 
heel.  The  point  where  they  intersect  is  the 
initial  position  of  the  metacenter.  When  the 
angle  of  heel  is  greater  than  the  angle  used  to 
compute  the  metacenter,  M  moves  off  the  cen- 
terline  and  the  path  of  movement  is  a  curve. 
However,  it  is  the  initial  position  of  the  met- 
acenter that  is  most  useful  in  the  study  of 
stability.  In  the  discussion  which  follows,  the 
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Figure  3-7.— Reserve  buoyancy,  freeboard, 
draft,  and  depth  of  hull. 
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8.52 

Figure  3-8.— Development  of  righting  mo- 
ment when  a  stable  ship  Inclines. 
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Figure  3-9.— Development  of  upsetting  mo- 
ment when  unstable  ship  inclines. 


Initial  position  is  referred  to  as  M.  The  distance 
from  the  center  of  buoyancy  (B)  to  the  meta- 
center  (M)  when  the  ship  is  on  even  keel  is  the 
metacentric  radius. 

METACENTRIC  HEIGHT  (GM) 

The  distance  from  the  center  of  gravity  (G) 
to  the  metacenter  is  known  ^  the  ship's  met- 
acentric height  (GM).  Figure'  3-11  shows  a 
ship  heeled  through  a  small  angle  (the  angle 


is  exaggerated  in  the  drawing),  establishing  a 
metacenter  at  M.  The  ship's  righting  arm  GZ 
is  one  side  of  the  triangle  GZM.  In  this  triangle 
GZMy  the  angle  of  heel  is  at  M.  The  side  GM 
is  perpendicular  to  the  waterline  at  even  keel, 
and  ZM  is  perpendicular  to  the  waterline  when 
the  ship  is  inclined. 

It  is  evident  that  for  any  angle  of  heel  not 
greater  than  Vf  there  will  be  a  definite  rela- 
tionship between  GM  and  GZ  because  GZ^^GM 
sin  0.  Thus,  GM  acts  as  a  measure  of  GZ,  the 
righting  arm. 

GM  is  also  an  indication  of  whether  the  ship 
is  stable  or  unstable  at  small  angles  of  inclina- 
tion. If  M  is  above  G,  the  metacentric  height 
is  positive,  the  moments  which  develop  when 
the  ship  is  inclined  are  righting  moments,  and 
the  ship  is  stable  (part  A  of  fig.  3-11).  But  if 
M  is  below  G,  the  metacentric  height  is  negative, 
the  moments  which  develop  are  upsetting  mo- 
ments, and  the  ship  is  unstable  (part  B  of  fig. 
3-11). 

INFLUENCE  OF  METACENTRIC  HEIGHT 

When  the  metacentric  height  of  a  ship  is 
large,  the  righting  arms  that  develop  at  small 
angles  of  heel  are  also  large.  Such  a  ship  re- 
sists roll  and  is  said  to  be  stiff.  When  the 
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Figure  3-10.- The  metacenter. 
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Figure  3-11.— (A)  Stable  condition,  G  is  below 
M.  (B)  Unstable  condition,  G  is  above  M. 

metacentric  height  is  small,  the  righting  arms 
are  also  small.  Such  a  ship  rolls  slowly  and  is 
said  to  be  tender.  Some  GM  values  for  various 
naval  ships  are:  CLs,  3  to  S'leet;  CAs,  4  to  6 
feet;  DDs,  3  to  4  feet;  DEs,  3tp  5  feet;  and  AKs, 
1  to  6  feet. 

Large  GM  and  large  righting  arms  are  de- 
sirable for  resistance  to  the  flooding  effects  of 


damage.  However,  a  smaller  GM  is  sometimes 
desirable  for  the  slow,  easy  roll  which  makes  for 
more  accurate  gunfire.  Thus  the  GM  value  for 
a  naval  ship  is  the  result  of  conqpromise. 

STABILITY  CURVES 

When  a  series  of  values  for  GZ  at  successive 
angles  of  heel  are  plotted  on  a  graph,  the  result 
is  a  stability  curve.  The  stability  curve  shown  in 
figure  3-12  is  called  a  curve  of  static  stability^ 
The  word  static  indicates  that  it  is  not  necessary 
for  the  ship  to  be  in  motion  for  the  curve  to 
apply;  if  the  ship  were  momentarily  stopped  at 
any  angle  during  its  rdll,  the  value  of  GZ  given 
by  the  curve  would  still  apply.  ^ 

To  understand  the  stability  curve,  it  is  neces- 
sary to  consider  the  fallowing  fkcts: 

1.  The  ship's  center  of  gravity  does  not 
change  position  as  the  angle  of  heel  is  changed. 

2.  The  ship's  center  of  buoyancy  is  always 
at  the  center  of  the  ship's  underwater  hull. 

3.  The  shape  of  the  ship's  underwater  hull 
changes  as  the  angle  of  heel  changes. 

Putting  these  facts  together,  we  see  that  the 
position  of  G  remains  constant  as  the  ship  heels 
through  various  angles,  but  the  position  of  B 
changes  according  to  the  angle  of  inclination. 
Initial  stability  increases  with  increasing  angle 
of  heel  at  an  almost  constant  rate;  but  at  large 
angles  the  increase  in  GZ  begins  to  level  off  and 
gradually  diminishes,  becoming  zero  at  very 
large  angles  of  heel. 

EFFECT  OF  DRAFT  ON  RIGHTING  ARM 

A  change  in  displacement  will  result  in  a 
change  of  draft  and  freeboard;  and  B  will  shift 
to  the  geometric  center  of  the  new  underwater 
body.  At  any  angle  of  inclination,  a  change  in 
draft  causes  B  to  shift  both  horizontally  and 
vertically  with  respect  to  the  waterline.  The 
horizontal  shift  in  B  changes  the  distance  be- 
tween B  and  G,  and  thereby  changes  the  length 
of  the  righting  arm,  GZ.  Thus,  when  draft  is 
increased,  the  ri{^tlng  arms  are  reduced 
throughout  the  entire  range  of  stability.  Figure 
3-13  shows  how  the  righting  arm  is  reduced 


Design  engineers  usuallv  use  GM  values  as  a  measure 
of  stability  up  to  about  7  heel.  For  angles  beyond  7^ 
a  stability  curve  is  used. 


44 


PRINCIPLES  OF  NAVAL  ENGINEERING 


0  10  20  30  40  5060  70  WW 

ANGLE  OP  HBBL  IN  DBGRBBS 


GZ«L4PBBT  GZ=&OPBBT  GZslPOOT 

8. 

Figure  3-12.— Righting  arms  of  a  ship  inclined  at  successively  larfcer  an^es  of  heel. 
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Figure  3-13.— Effect  of  draft  on  righting  arm. 
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when  the  draft  is  increased  from  18  feet  to  26 
feet,  when  the  ship  is  inclined  at  an  angle  of  20^. 
At  smaller  angles  up  to  30^  certain  hull  types 
show  flat  or  slightly  increasing  righting  arm 
values  with  an  increase  in  displacement. 

A  reducticm  in  the  size  of  the  righting  arm 
usually  means  a  decrease  in  stability.  When  the 
reducti(xi  in  GZ  is  caused  by  increased  dis- 
placement, however,  the  total  effect  on  stability 
is  more  difficult  to  evaluate.  Since  the  righting 
moment  is  equal  to  W  times  GZ,  the  righting 
moment  will  be  increased  by  the  gain  in  W  at 
the  same  time  that  it  is  decreased  by  the  reduc- 
tion in  GZ.  The  gain  in  the  righting  moment, 
caused  by  the  gain  in  W,  does  not  necessarily 
compensate  for  the  reducticm  in  GZ. 

In  brief,  there  are  several  ways  in  which  an 
increase  in  displacement  affects  the  stability  of 
a  ship.  Although  these  effects  occur  at  the  same 
time,  it  is  best  to  consider  them  separately. 
The  effects  of  increased  displacement  are: 

1.  Righting  arms  (GZ)  are  decreased  as  a 
result  of  increased  draft. 

2.  Righting  moments  (foot-tons)  are  de- 
creased as  a  result  of  decreased  GZ  (for  a  given 
displacement). 

3.  Righting  moments  may  be  increased  as  a 
result  of  the  increased  displacement  (W),  if 
(GZ  X  W)  is  increased. 

CROSS  CURVES  OF  STABILITY 

To  facilitate  stability  calculations,  the  design 
activity  inclines  a  lines  drawing  of  the  ship  at  a 
given  an^e,  and  then  lays  off  on  it  a  series  of 
waterlines.  These  waterlines  are  chosen  at 
evenly  spaced  drafts  throughout  the  probable 
range  of  displacements.  For  each  waterline  the 
value  of  the  righting  arm  is  calculated,  usingan 
assumed  center  of  gravity  rather  than  the  true 
center  of  gravity.  A  series  of  such  calculations 
is  made  for  various  angles  of  heel— usually  10^ 
20",  30",  40",  50",  60^  70",  80",  and  90"«and  the 
results  are  plotted  on  a  grid  to  forma  series  of 
curves  known  as  the  cross  curves  of  istabllity 
(fig.  3-14).  Note  that,  as  draft  and  displacement 
increase,  the  curves  all  Acfpe  downward,  indi« 
eating  increasim^y  smaller  righting  arms. 

The  cross  curves  are  usedinithe  preparation 
of  stability  curves.  To  take  a  stability  curve 
from  the  cross  curves,  a  vertical  line  (such  as 
line  MN  in  fig.  3«14)  is  drawn  on  the  cross  curve 
sheet  at  the  displacement  which  corresponds  to 
the  mean  draft  of  the  ship.  Atthe  intersection  of 


this  vertical  line  with  each  cross  curve,  the 
corresponding  value  of  the  righting  arm  on  the 
vertical  scale  at  the  left  can  be  read.  Then  this 
value  of  the  righting  arm  at  the  correspcxiding 
angle  of  heel  is  plotted  on  the  grid  for  the  sta- 
bility curve.  When  a  series  of  suchvaluesof  the 
righting  arms  from  10 ^through  90^  of  heel  have 
been  plotted,  a  smooth  line  is  drawn  through 
them  and  the  uncorrected  stability  curve  forthe 
ship  at  that  particular  displacement  is  obtained. 
The  curve  is  not  corrected  for  the  actual  height 
of  the  ship's  center  of  gravity,  since  the  cross 
curves  are  based  on  an  assumed  height  of  G. 
However,  the  stability  curve  does  embody  the 
effect  on  the  righting  arm  of  the  freeboard  for 
a  given  positicxi  of  the  center  of  gravity. 

Figure  3-15  shows  an  tmcorrected  stslbility 
curve  (A)  for  the  ship  operating  at  11,500  tons 
displacement,  taken  from  the  cross  curves 
shown  in  figure  3-14.  This  stability  curve  can- 
not be  used  in  its  present  form,  since  the  cross 
curves  are  made  up  on  the  basis  of  an  assumed 
center  of  gravity.  In  actual  operation,  the  ship's 
ccxidition  of  loading  will  affect  its  displacement 
and,  therefore,  the  location  of  G.  Touse  a  curve 
taken  from  the  cross  curves,  therefore,  it  is 
necessary  to  correct  the  curve  for  the  actual 
height  of  G  above  the  keel  (K)-that  is,  it  is 
necessary  to  use  the  distance  KG.  As  far  as  the 
new  center  of  gravity  is  concerned,  when  a 
weight  is  added  to  a  system  of  weights,  the 
center  of  gravity  can  be  found  by  taking  moments 
of  the  old  system  iflus  that  of  the  new  weight  and 
dividing  this  total  moment  by  the  total  final 
weight.  Detailed  information  concerning  changes 
in  the  center  of  gravity  of  a  ship  can  be  obtained 
from  chapter  9880  of  the  Naval  Ships  Technical 
Manual. 

Assume  that  the  cross  curves  are  made  up 
on  the  basis  of  an  assumed  KG  of  20  feet,  and  the 
actual  KG,  which  includes  the  added  effects  of 
Free  Surface,  for  the  particular  conditicxi  of 
loading,  is  24  feet.  This  means  that  the  true  G 
is  4  feet  higher  than  the  assumed  G,  and  that  the 
righting  arm  (GZ)  at  each  angle  of  inclination 
will  be  smaller  than  the  righting  arm  shown  in 
figure  3-15  (curve  A)  for  the  same  angle.  To 
find  the  new  value  of  GZ  for  each  angle  of 
inclination,  the  increase  in  KG  (4  feet)  is  multi- 
plied by  the  sine  of  the  an^e  of  inclination,  and 
the  product  ^  subtracted  from  the  value  of  GZ 
shown  on  the  cross  curves  or  on  the  uncorrected 
stability  curve.  In  order  to  facilitate  the  correc- 
tion of  the  stability  curves,  a  table  showing  the 
necessary  sines  of  the  angles  of  inclination  is 
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included  on  the  cross  curves  form  ^ig.  3- 
14). 

Next,  the  corrected  values  of  GZ  for  the 
various  angles  of  heel  shown  on  the  stability^ 
curve  (A)  in  figure  3-15  should  be  found  and 
plotted  on  the  same  grid  to  make  the  corrected 
stability  curve  (B)  .shown  in  figure  3-15. 

When  the  values  ftbm  10^  through  80^  are 
plotted  on  the  grid  and  Joined  with  a  smooth 
curve,  the  corrected  stability  curve  (B)  shown 
in  figure  3-15  results.  The  corrected  curve 
shows  maximum  stability  to.be  at  40^;  it  also 
shows  that  an  iqpisetting  airl^,  rather  than  a 
righting  arm,  generally  exists  at  angles  of  heel 
in  excess  of  75\ 


THE  INCLINING  EXPERIMENT 

The  vertical  location  of  the  center  of  gravity 
must  be  known  in  order  to  determine  the  stability 
characteristics  of  a  ship.  Although  the  position 
of  the  center  of  gravity  as  estimatedby  calcula- 
tion is  sufficient  for  design  purposes,  an  accu- 
rate determination  is  reqiuired  to  establish  the 
ship's  stability.  Therefore,  an  inclining  e3qperi- 
ment  is  performed  to  obtain  a  precise  measure- 
ment of  KG,  the  vertical  height  of  G  above  the 
keep  (base  line),  when  the  ship  is  completed. 
An  Inclining  experiment  consists  of  moving  one 
or  more  large  weij^ts  across  the  ship  and 
measuring  the  ang^e  of  list  produced.  (See  fig. 
3-16).  This  ang^e  of  list,  produced  by  the  weight 
movement  and  measured  by  means  of  apenduliun 
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Figure  3-15.-(A)  Uncorrected  stabUity  curve 
taken  from  cro^B  curves.  (B)  Corrected  sta- 
bility curve. 

1* 

and  a  horizontal  batten  or  an  inclinometer  device 
designed  for  this  purpose,  usiially  does  not  ex- 
ceed two  degrees.  The  metacentric  height  is 
calculated  from  the  formula 


GM  » 


Wtantf 
where 

ws  inclining  weight,  in  tons 

d  =  distance  weig^  is  moved  athwartships, 
in  feet 

W»  displacement  of  ship,  including  weig^w, 
in  tons 

tan  9«  tangent  of  ang^e  of  list 

The  results  of  this  e3q[>eriment  are  calculated 
and  tabulated  in  the  Inclining  Eatperiment  Data 
Booklets,  which  consist  of  two  peurts.  Part  1, 
Report  of  Inclining  E3q;>eriment>  contains  the 
observations  and  calculations  thatdetermine the 
displacement  and  location  of  the  center  of  gravity 
of  the  ship  in  the  light  condition.  Part  2,  Stability 
Data  for  surface  ships  and  StabUity  and  Equi- 
librium Data  for  submarines,  contains  data 
relative  to  the  characteristics  of  the  ship  in 
operating  condition.  These  booklefag  are  prepared 
by  the  inclining  activity,  and  Part  2  is  issued  to 
the  ships  for  their  information. 

The  KG  obtained  from  the  inclining  e3q;>eri- 
ment  is  accurate  for  the  particular  condition  of 


loading  in  which  the  ship  was  inclined.  This  is 
known  as  Cmdition  A,  or  the  ''As-Inclined'' 
cmdition.  The  ship  may  have  been  in  any  condi- 
tion of  loading  at  the  time  of  the  ejq>eriment, 
and  this  may  not  have  been  in  operating  condi- 
tion. In  order  to  convert  the  data  thus  obtained 
to  practical  use,  KG  must  be  determined  for 
various  operating  conditions*  The  standard  load- 
ing conditions  as  found  In  the  Inclining  Eageri- 
ment  Data  Booklets  are  as  fcdlows: 

Condition  A— Light  ship 
Condition  Al-*Lig^t,  without  permanent  bal- 
last3 

Condition  B—Minimum  operating  condition^ 
Condition  C-*Optimum  battle  condition^ 
Condition  D-*Full  load 

Other  special  conditions,  including  speciisd 
low  StabUity  operating  conditions,  conditions  of 
lig^  load  with  water  ballast,  and  simUar  condi- 
tions may  be  included. 

Condition  A— Lig^t  Conditio  assumes  tr^t 
the  ship  is  complete  and  in  all  respects  ready 
for  sea,  but  with  no  load  aboard-no  fuel  oU, 
stores,  crew  and  effects,  ammunition,  water, 
gasoline,  JP-5,  or  water  or  oU  in  machinery. 
Although  not  an  operating  condition.  Condition  A 
is  the  basic  condition  from  iKrtiich  other  condi- 
tions are  calculated. 

After  obtaining  the  displacement  and  locating 
the  center  of  gravity  for  the  ship  in  Condition  A, 
corresponding  values  may  be  computed  for  other 
standard  c(»xiitions  of  loading.  The  weights  and 
vertical  moments  of  all  consumables '  to  go 
aboard  are  determined  and,  starting  with  the 
displacement  and  KG  for  Ccmdition  A,  a  new 
displacement,  KG,  and  GM  are  calculated  for 
each  of  the  other  ccnuiitions  of  loading.  The  GM 
thus  obtained  is  in  each  case  corrected  for  the 
free  surface  assumed  to  exist  in  the  ship's  tanks 
for  that  particular  cmdition  of  loading.  (Free 
surface  is  discussed  later  in  this  chapter.) 

Having  determined  displacement  and  KG,  it 
is  possible  to  draw  a  curve  of  stabUity  for  each 
condition  of  load.  Additional  information  cm- 
ceming  inclining  e^qperioient  data  can  be  ob- 
tained from  chapters  9290  and  9880  of  the  Naval 
Ships  Technical  Manual. 


This  oondition  is  listed  only  ^dien  ships  have  perma- 
nent ballast. 
4 

For  ships  without  underwater  defense  systems. 

5 

Fop  ships  with  underwater  defense  systems. 
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Figure  3-16.-Measiiring  the  angle  of  list  pro- 
duced in  performing  the  inclining  e^eriment. 

EFFECTS  OF  WEIGHT  SHIFTS 

If  one  weight  in  a  system  of  weights  is  moved, 
the  center  of  gravity  of  the  whole  system  moves 
along  a  path  parallel  to  the  path  of  the  compo- 
nent weight.  The  distancethatthecenter  of  grav- 
ity of  the  system  moves  may  be  calculatedfrom 
the  formula. 


where 

w  =  component  weight,  in  tons 

8  =  distance  component  weight  is  moved,  in 
feet 

W=  weight  of  entire  system,  in  tons 

GG4  =  shift  in  center  of  gravity  of  system,  in 
feet 

Weight  movements  in  a  ship  csUi  take  place 
in  thred  possible  directionS-^JtjthwartshipSi  fore 
and  aft|  and  vertically  (t)erpendicular  to  the 
decks).  The  most  general  type  of  movement,  is 
inclined  with  respect  to  all  three  of  these.  Such. 


a  diagonal  movement  can  be  divided  into  com- 
ponents in  each  of  the  three  directions,  and  one 
component  can  be  studied  at  a  time  without  ref- 
erence to  the  others.  For  example,  if  a  weight 
is  moved  from  the  main  deck,  starboard  side, 
aft,  to  a  storeroom  on  the  4th  deck,  port  side, 
forward,  this  movement  may  be  regarded  as 
taking  place  in  three  steps,  as  fdllows: 

1.  from  main  deck  to  4th  deck  (down) 

2.  from  starboard  side  to  port  side  (across) 

3.  from  stern  to  bolv  (forward) 

VERTICAL  WEIGHT  SHIFT 

If  a  weight  is  moved  straight  tip  a  vertical 
distance  on  a  ship,  the  ship's  center  of  gravity 
will  move  straight  up  on  the  centerline  (fig. 
3-17).  The  vertical  rise  in  G  (esqplained  later 
in  the  chapter)  can  be  computed  from  the  for- 
nAda  mentioned  previously. 

Example;  A  ship  is  operating  with  a  dis- 
placement of  11,500  tons.  Her  ammunition, 
totaling  670  tons,  is  to  be  moved  from  the 
magazines  to  the  main  deck,  a  distance  of  36 
feet.  Find  the  rise  in  G. 

or  „  670  X  36  ^  «  -  .  . 
°°1  "   11,500  -  2.1  feet 


W  RELOCATED 
TO  HERE 


147.33 

Figure  3-17.-Shift  in  G  due  to  vertical  weight 
shift. 
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Since  moving  a  weight  which  is  already  aboard 
will  cause  no  change  in  displacement,  there  can 
be  no  change  in  the  metacenter.  If  M  re- 
mains ttxed,  then  the  upward  movement  of  the 
center  of  gravity  results  in  a  loss  of  metacentric 
height: 

GjM  =  GM  -  GGi 

where 

GjM  =  new  metacentric  height  (after  weight 
movement),  in  feet 

GM  =  old  metacentric  height  (before  weight 
movement),  in  feet 

GGj  =  rise  in  center  of  gravity,  in  feet 

If  the  ammunition  on  the  main  deck  is  moved 
down  to  the  6th  deck,  the  positions  of  G  and  Gi 
will  be  reversed.  The  shift  in  G  can  be  found 
from  the  same  formula  as  before,  the  only  dif- 
ference being  that  GGi  now  becomes  a  ffdn  in 
metacentric  height  instead  of  a  loss  (fig.  3-18). 

U  a  weight  is  moved  vertically  downward,  the 
ship's  center  of  gravity,  G,  will  move  straight 
down  on  the  centerlineandthe  correction  is  addi- 
tive. In  this  case  the  sine  curve  is  plotted  below 
the  abscissa.  The  final  stabUity  curve  is  that 
portion  of  the  curve  above  the  sine  correction 
curve. 

A  vertical  shift  in  the  ship's  center  of  gravity 
changes  every  rightingarm  throughout  the  entire 
range  of  stability.  U  the  ship  is  at  any  angle  of 
heel,  such  as  9  in  figure  3-18,  the  righting  arm 
is  GZ  with  the  center  of  gravity  at  G.  But  if  the 
center  of  gravity  shifts  to  Gi  as  the  result  of  a 
vertical  weight  shift  upward,  the  rightingarm 
becomes  GiZi ,  which  is  smaller  than  GZ  by  the 
amount  of  XSR.  In  the  right  triangle  GRGj,  the 
angle  of  heel  is  at  Gi;  hence  the  loss  of  the 
righting  arm  may  be  found  from 

GR  =  GGi  X  sin  e 

This  equation  may  be  stated  in  words  as:  The 
loss  of  righting  arm  equals  the  rise  in  the  center 
of  gravity  times  the  sine  of  the  angle  of  heel.  The 
sine  of  the  angle  of  heel  is  a  ratio  which  can  be 
found  by  consulting  a  table,  of  sin^s. 

If  the  loss  of  GZ  is  found  for  lO"",  20^  30% 
and  so  forth  by  multiplying  GGi  by  the  sine  of 
the  proper  angle,  a  curve  of  loss  of  righting 
arms  can  be  obtained  by  plotting  values  of 


GGj  X  sin  e  vertically  against  angles  of  heel 
horizontally,  which  results  in  asine  curve.  When 
plotted,  the  curve  is  as  illustrated  in  figure  3- 19. 

The  sine  curve  may  be  superimposed  on  the 
original  stability  curve  to  show  the  effect  on 
stability  characteristics  of  moving  the  weight  up 
in  a  ship.  Inasmuch  as  displacement  is  un- 
changed, the  righting  arms  of  the  old  ciurve  need 
be  corrected  for  the  change  ol  G  only,  and  no 
other  variation  occurs.  Consequently,  if  GGj  x 
sin  e  is  deducted  from  each  GZ  on  old  stability 
curve,  the  result  will  be  a  correct  righting  arm 
curve  for  the  ship  after  the  weight  movement. 

In  figure  3-20  a  sine  curve  has  been  super- 
imposed on  an  original  stability  curve.  The  dotted 
area  is  that  portion  ci  the  curve  which  was  lost 
due  to  moving  the  weight  up,  whereas  the  lined 
area  is  the  remaining  or  residual  portion  of  the 
curve.  The  residual  maximum  righting  arm  is 
AS  and  occurs  at  an  angle  of  about  37  ^.  The  new 
range  of  stability  is  from  O^'to  53''. 

The  reduced  stability  of  the  new  curve  be- 
comes more  evident  if  the  intercepted  distances 
between  the  old  GZ  curve  and  the  sine  curve  are 
transferred  down  to  the  base,  thus  forming  a 
new  curve  ci  static  stability  (fig.  3-21).  Where 
the  old  righting  arm  at  30''  was  AB,  the  new  one 
has  a  value  of  CB,  which  is  plotted  up  from  the 
base  to  locate  point  D  (CB  =  AD)  and  thus  a  point 
is  established  at  30 ''on  the  new  curve.  A  series 
of  points  thus  obtained  by  transferring  inter- 
cepted distances  down  to  the  baseline  delineates 
the  new  curve,  which  may  be  analyzed  as  fcfllows: 

GM  is  now  the.  quantity  represented  by  EF. 

Maximum  righting  arm  is  now  the  quantity 
represented  by  HI. 

Angle  at  which  maximum  righting  arm  oc- 
curs is  37  \ 

Range  of  stabUity  is  from  O"*  to  53^ 

Total  dynamic  stability  is  represented  by  the 
shaded  area. 

HORIZONTAL  WEKSHT  SHIFT 

When  the  ship  is  upright,  Glies  in  the  fore 
and  aft  centerline,  and  all  weights  on  board  are 
balanced.  Moving  any  weight  horizontally  will 
result  in  a  shift  in  G  in  an  ath^vartship  direc- 
tion, parallel  to  the  weight  movement.  B  and  G 
are  no  longer  in  the  same  vertical  line  and  an 
iqpsetting  moment  exists  at  O"*  inclination,  which 
will  cause  the  ship  to  heel  until  B  moves  under 
the  new  position  of  G.  In  calm  water  the  ship  will 
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147.34 

Figure  3-18.— Loss  of  righting  arm  due  to  rise  in  center  of  gravity. 
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Figure  3-20.-Sine  curve  superimposed  on  original  stability  curve. 
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Figure  3-21.-Curve  of  static  stability  as  corrected  for  loss  of 
stability  due  to  a  vertical  weight  shift. 
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remain  at  this  angle  and  in  a  seaway  it  will 
roll  about  this  angle  of  permanent  list.  This 
shift  of  G  can  be  computed  from  the  formula 


GiG2  = 


W 


where 


GjGg  =  athwartshlp  shift *of  G,  In  feet 

weight  moved  over,  in  tons 
d  =  distance  w  moved,  in  feet 
w=:  displacement  of  ship,  in  tons 


Going  back  to  our  original  problem,  let  us 
further  assume  that  ship's  stores  totaling  185 
tons  are  shifted  from  port  storerooms  to  star- 
board storerooms,  a  horizontal  distance  of 
56  feet.  Using  the  formtila: 

W-:^fi;yr=  0.90  foot 

In  figure  3-22  the  righting  arm  has  been  re- 
duced from  GiZj  to  G2Z2  by  this  weight  shift. 
G2Z2  Is  smaller  than  GlZl.  However,  the  dis- 
tance GiT  Is  equal  to  GlG2xcos  $.  Thus,  the 
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147.38 


Figure  3-22.— Loss  of  righting  arm  when  center  of  gravity  Is 
moved  off  the  center  line. 


loss  of  righting  arm  Involved  In  an  athwartshlp 
movement  of  G  Is  equal  at  any  angle  r^i  heel  to 
G1G2  X  COB  0.  This  variable  distance  (G1G2  x 
coB$)  Is  called  the  ship's  inclliivii^  ar*!!;  when 
this  value  is  multiplied  by  the  dttrplficement, 

the  product  Is  the  ship's  Inclining  moment. 

The  expression  G^T  =  G1G2  x  costf  may  be 
stated  as:  The  Inclining  arm  Is  equal  to  the 
athwartshlp  shift  in  the  center  of  gravity  times 
the  cosine  of  the  angle  of  heel.  The  cosine  of 
the  angle  of  heel  Is  a  ratio  which  can  be  found 
by  consulting  a  table  of  coflnes.^lf  the  inclining 
arm  Is  .  computed  for  10  ,  20'',  30 ^  etc.  by 
multiplying  G1G2  by  the  cosine  of  the  proper 
angle,  a  curve  of  inclining  arms  can  be  obtained 
by  plotting  values  of  G1G2  x  cose  vertically 
against  angles  of  heel  horizontally,  which  re- 
sults in  a  cosine  curve.  Note  that  the  cosine 
curve  (fig.  3-23)  Is  Just  the  opposite  of  the  sine 
curve  (fig.  3-20)  but  is  dttierwlse  Identical  in 
shape. 

Just  as  the  sine  <;urve  was  superimposed 
on  the  GZ  curve,  so  may  the  cosine  curve  be 


superimposed  on  the  stability  curve  to  show  the 
effect  on  stability  of  moving  a  weight  athwart- 
shlp. The  cosine  curve  has  been  placed  on  the 
original  stability  curve,  corrected  for  the  actual 
height  of  the  center  of  gravity.  The  dotted  area 
(fig.  3-23)  is  that  portion  of  the  curvewhlch  was 
lost  due  to  the  weight  shift,  and  the  lined  area 
is  the  remaining  or  residual  portion  of  the  curve. 
The  residual  maximum  righting  arm  Is  AB 
which  develops  at  an  angle  of  about  37  .  The 
new  range  of  stability  Is  from  70''  to  SO"". 

The  new  curve  of  static  stability  can  be 
plotted  on  the  base  by  transferring  down  the 
intercepted  distances  between  the  cosine  curve 
and  the  old  GZ  curve.  For  example,  in  figure 
3-24  the  old  righting  arm  at  37''  was  AD,  the 
loss  of  righting  arm  (inclining  arm)  at  this 
angle  Is  AC,  leaving  a  residual  GZ  of  CD.  This 
value  has  been  pilotted  up  from  the  base  as  AB 
to  provide  one  point  on  the  final  curve.  The 
residual  stability  may  be  analyzed  on  the  new 
curve  as  follows: 


48 


.  53 


Chapter  8-STABILITY  AND  BUOYANCY 


1.  Maximum  righting  arm  AB. 

2.  Angle  of  maximum  righting  arm  at  A, 

3.  Range  of  stability  20 to  50 ^ 

4.  Tdtal  dynamic  stability  is  represented 
by  the  lined  area. 

The  ship  will  have  a  permanent  list  at  20  ° 
which  is  the  angle  where  B  is  under  G,  Inclining 
arm  equals  original  righting  arm,  cosikie  curve 
crosses  original  GZ  curve,  and  residual  right- 
ing arm  is  zero.  In  a  seaway  the  ship  will  roll 
about  this  angle  of  list.  U  it  rolls  farther  to  the 
listed  side,  a  righting  moment  develops  which 
tends  to  return  it  toward  the  angle  of  list.  If 
it  rolls  back  towards  the  upright,  an  upsetting 
moment  develops  which  tends  to  return  it  to- 
ward the  angle  of  list.  The  iqpsetting  moment 
(between  0°  and  the  angle  of  list)  is  the  differ- 
ence between  the  inclining  and  righting  moments. 

DIAGONAL  WEIGHT  SHIFT 

A  weight  may  be  shifteSl  diagonally,  so  that 
it  moves  up  or  down  and  athwartship  at  the 
same  time,  or  by  moving  one  weight  up  or  down 
and  another  athwartship.  A  diagonal  shift  should 
be  treated  in  two  steps;  first  by  finding  the  ef- 
fect on  GM  and  stability  of  the  vertical  shift, 
and  second,  by  finding  the  effect  of  the  hori- 
zontal movement.  The  corrections  are  applied 
as  previously  described. 

EFFECTS  OF  WEIGHT  CHANGES 

The  additional  removal  of  any  weight  in  a 
ship  may  affect  list,  trim,  draft,  displacement. 


and  stability.  Regardless  of  where  the  weight 
is  added  (or  removed),  when  determining  the 
various  effects  it  should  be  considered  first 
to  be  placed  in  the  center  of  the  ship,  then 
moved  up  (or  down)  to  its  final  height,  next 
moved  outboard  to  its  final  off-center  location, 
and  finally  shifted  to  its  fore  or  aft  position. 

Assume  that  a  weight  is  added  to  a  ship  so 
that  the  list  or  trim  is  not  changed,  and  G  will 
not  shift.  The  first  thing  to  do  is  find  the  new 
displacement,  which  is  the  old  displacement 
plus  the  added  weight: 

New  displacement  =  W  +  w  tons 

.  where 

Ws  old  displacement  (tons) 
w  a  added  weight  (tons) 

With  the  new  value  of  displacement,  enter  the 
curves  of  form  and  on  the  displacement  curve 
find  the  corresponding  draft,  which  is  the  new 
mean  draft  Figure  3-25  shows  typical  displace- 
ment and  other  curves  generally  referred  to 
as  curves  of  form. 

If  the  change  in  draft  is  not  over  1  foot,  the 
procedure  can  be  reversed.  Find  the  tons-per- 
inch  immersion  for  the  old  mean  draft  from 
the  curves  of  form,  divide  the  added  weight 
(in  tons)  by  the  tons- per- inch  Immersion  in 
order  to  get  the  bodily  sinkage  in  inches,  and 
add  this  bodily  sinkage  to  the  old  mean  draft 
to  get  the  new  mean  draft.  Using  the  new  mean 
draft,  enter  the  curves  of  form  and  find  the 
new  displacement. 
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Figure  3-24.-New  curve  of  static  stability  after  corf  fectlon  for  horizontal  weight  movement. 

WW 

GGi  s  shift  of  G  from  formula  GGl 


VERTICAL  WEIGHT  CHANGES 

Assume  that  the  weight  added  above  is  shifted 
vertically  on  the  ship's  centerline  to  its  final 
height  above  the  keel.  This  movement  will 
cause  G  to  shift  tq;>  or  down.  To  compute  the 
vertical  shift  of  G  use  the  formula 


GGl 


wz 
(W  +  w 


where 

GGl 
w 
z 


W 

(W+  w) 


(W+  w) 

U  the  final  position  of  the  added  weight  is 
below  the  original  position  of  G,  then  GGi  is 
minus;  if  it  is  above,  then  GGi  is  plus. 

To  find  the  new  metacentric  height,  enter 
the  curves  of  form  with  the  new  mean  draft 
and  find  the  height  of  the  transverse  meta- 
center  above  the  base  line.  This  id  KMi.  The 
new  metacentric  height  is  determined  by  the 
formula, 


shift  of  G  up  or  down,  in  feet 

added  weight,  in  tons 

vertical  distance  w  is  added  above 

or  below  original  location  of  G,  in 

feet 

old  displacement,  in  tons 
new  displacement,  in  tons 


GiMi  =  KMl  -  KGl 


where 


This  vertical  shift  must  be  added  to  or  sub- 
tracted from  the  original  height  of  the  center 
of  gravity  above  the  keel. 

To  do  this,  the  original  height  KG  must  be 
known: 


KGl  «  KG  +  GGl 


where 

KGl 
KG 


new  height  of  G  above  keel*  (in  feet) 
old  height  of  G  above  keel  ( in  feet) 


GiMi^  new  metacentric  height  (in  feet) 
KMi=:  new  KM 
KGl  = 

With  the  new  displacement  (W  -f  w),  enter 
the  cross  curves  and  pick  out  anew,  uncorrected 
curve  of  stability.  Correct  this  curve  for  the 
new  .height  of  the  ship's  center  of  gravity  above 
the  base  line.  This  is  accomplished  by  finding 
AGi  (which  is  KGl  minus  KA)  and  subtracting 
AGi  X  sin  from  every  vertical  on  the  stability 
curve,  provided  Oi  is  above  A.  If  Gl  is  below 
A,  the  values  of  AGi  x  sin  0  must  be  added  to 
the  curve,  as  previously  eaqplained.  The  result- 
ing curve  of  righting  arms  is  now  correct  for 
the  loss  of  freeboard  due  to  the  added  weight 
and  for  the  final  height  of  the  ship's  center  of 
gravity  resulting  from  weight  addition. 


SO 
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Example;  Add  four  gun  mounts  topside  to  a 
ship  witn  the  curves  of  form  shown  in  figure 
3-25.  Assume  an  initial  KG  of  24.5  feet.  Assume 
that  the  gun  mounts  weigh  28  tons  each  and  that 
their  center  of  gravity  is  located  48  feet  above 
the  keel.  What  is  the  effect  on  stability? 

1.  New  displacement*  W+w=  11,500+ (4  x 
28) » 11,612  tons. 

2.  New  mean  draft  =  19.7  feet  (fig.  3-25). 

8-   GGl  yf^^ 

w»4  X  28=  112ton8 
z  =48  —  24.5  =23.5  feet 

GGi=i^^^fP  =  0.23  feet 

4.  KGj«  24.50  +0.23  «  24.73  feet. 

5.  New  KM^  «  28.4  feet  (fig.  3-25). 

6.  New  GiMi  =  KMi  -  KGi  =  28.4  -  24.7= 
3.7  feet. 

7.  The  values  for  the  angles  (0""-  70'')  are 
taken  from  the  cross  curves  for  11,612 
tons  dicq^dacement  (fig.  3-14).  KA  Is  20  feet. 
Corrections  are  made  for  AGi  x  Bln9  = 
(24.73  —  20)  8intf-4.73  sintf.  The  correc- 
tions are  applied  to  the  curve  (fig«  3-26) 
as  previously  e3q[)lained.  Figure  3-26 
shows  the  curve  at  rit^ting  arms  cor- 
rected for  weight  addition. 

HORIZONTAL  WEIGHT  CHANGES 

In  the  previous  example  of  weight  addition, 
stqypos®  ^0  8un  mounts  are  located  with  their 
center  of  gravity  29  feet  to  starboard  of  the 
centerline  and  the  weight  is  moved  athwartship 
to  its  fhial  off-center  location.  The  shift  In  G 
may  be  found  by  using  the  proper  formula,  mak- 
ing the  required  corrections,  and  iq^^ying  the 
corrections  to  the  curve  in  figure  3-26.  This 
gives  a  correct  curve  of  rising  arms.  To 
6btain  a  curve  of  righting  moments,  the  righting 
.  arms  are  multiidii^  by  the  new  displacement 
(W-fw)aU|612  tons,  and  plotted  In  figure  3-27. 

WEIGHT  REMOVAL  ^ 

The  results  of  a  weigjit  removal  are  com- 
puted by  using  the  previous  procedure,  the  only 


difference  behig  that  most  of  the  operations 
and  results  will  be  found  just  the  reverse  of 
those  which  relate  to  adding  a  weight. 

EFFECTS  OF  LOOSE  WATER 

When  a  tank-  or  a  conqpartment  in  a  ship  is 
partially  full  of  liquid  that  Is  free  to  move  as 
the  ship  heels,  the  surface  of  the  liquid  tends  to 
remain  level.  The  surface  of  the  free  llqMld  is 
referred  to  as  free  siurface.  The  tendency  of  the 
liquid  to  remahi  level  as  the  ship  heels  Is  re- 
ferred to  as  free  surface  rffect.  The  term  loose 
water  Is  used  to  describe  liquid  that  has  a  free 
surface;  It  Is  not  used  to  describe  water  or  other 
liquid  that  completely  fills  a  tank  or  compart- 
ment and  thus  has  no  free  surface. 

FREE  SURFACE  EFFECT 

Free  surface  in  a  ship  always  causes  a  re- 
duction In  GM  with  a  con8eq^ent  reduction  of 
stability,  superimposed  on  any  additional  weight 
which  would  be  caused  by  flooding.  The  flow  of 
the  liquid  Is  an  athwartship  shift  of  weight  which 
varies  with  the  angle  of  Inclination.  Wherever 
free  surface  exists,  a  free  surface  correction 
must  be  q[yplled  to  any  stability  calculation.  This 
effect  may  be  considered  to  cause  a  reduction  in 
a  ship's  static  stability  curve  In  the  amount  of 

-^x  Bln$f  due  to  a  virtual  rise  InG 

where 

i  s  the  moment  of  Inertia  of  the  surface  of 
water  In  the  tank  about  a  longitudinal  axis 
through  the  center  of  area  of  that  sur&ce 
(or  other  liquid  in  ratio  of  Its  specific 
gravity  to  that  of  the  liquid  Ui  which  the 
ship  Is  floating)^ 

V  =  existing  vcflume  of  displacement  of  the 
ship  In  cubic  feet.  For  a  rectangular  com- 
partment, I  may  be  found  from 


where 

bss  athwartship  breadth  of  the  free  surface 
(with  the  ship  uprlg^)  in  feet 

la  fore-and-aft  length  of  the  free  surface  in 
feet 


It  is  usual  to  assume  all  liquids  are  salt  water*  and 
thus  negieot  density,  unless  very  accurate  determina- 
tions are  recpiired. 
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To  understand  what  is  meant  by  a  virtual 
rise  in  refer  to  figure  3-28.  This  figure 
shows  a  compartment  in  a  ship  partially  filled 
with  water,  which  has  a  free  surface,  fs,  with 
the  ship  upright*  When  the  ship  heels  to  any 
small  angle,  such  as  the  free  surface  shifts 
to  fisi,  remaining  parallel  to  the  waterllne. 
The  result  <A  the  Inclination  is  the  movement 
of  a  wedge  of  water  from  fbfi  to  sosi.  Calling 
gl  the  center  of  gravity  of  this  wedge  when 
the  ship  was  upright,  and  g2  its  center  of 
gravity  with  the  ship  Inclined,  it  is  evident 
that  a  small  weight  has  been  moved  from 
gl  to  g2. 

Point  G  is  the  center  of  gravity  of  the  ship 
when  upright,  and  G  would  remain  atthisposi* 


(D  MINUS  (D  EQUALS  (D 
(D  MINUS  0  EQUALS  ® 


tion  if  the  compartment  contained  solids  rather 
than  a  liquid.  As  the  ship  heels,  however, 
the  shift  of  a  wedge  of  water  along  the  path 
glK2  causes  the  center  of  gravity  of  the  ship 
to  shift  from  G  to  G2.  This  reduces  the  righting 
arm,  at  this  angle,  from  GZ  to  G2Z2. 

To  compute  GGg  and  the  loss  of  GZ  for 
each  angle  of  h^^is  a  laborious  and  com- 
plicated task.  However,  an  equivalent  righting 
arm,  G^3  (which  equals  G2Z2),  can  be  ob- 
tained by  extending  the  line  of  action  of  the 
force  of  gravity  up  to  intersect  the  ship's 
centerllne  at  point  G3.  Raising  the  ship's 
center  of  gravity  from  G  to  G3  would  have 
the  same  effect  on  stability  at  this  angle  as 
shifting  it  from  G  to  G2. 
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Figure  3-26.— Curve  of  righting  arms  corrected  for  weight  addition. 
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Figure  3-27,— Curve 

The  distance  G3Z3  Is  the  righting  arm  the 
ship  would  have  if  the  center  of  gravity  had 
risen  from  G  to  G3^  and  this  virtual  rise  of  G 
may  be  computed  from  the  formula: 

GG3«  i- 
V 

Referring  to  the  formula,  loss  in  GZb-^x 

sin  $.  This  formula  Is  accurate  for  small  angles 
of  heel  only,  due  to  the  pocketing  effect  as  the 
angle  increases.  In  case  several  compartments 
or  tanks  have  free  surface,  their  surface  mo- 
ments of  inertia  are  calculated  individually 
and  their  sum  used  in  the  correction  for  free 
surface.  The  effect  of  a  given  area  of  loose 
liquid  at  a  given  angle  of  h^el  is  entirely  in- 
dependent of  the  depth  of  the  liquid  in  the  com- 
partment, as  Is  apparent  in  the  formula, 

^ere  the  only  factors  are  the  dimensions  of 
the  surface  and  the  displacement  of  the  tfiip. 


147.43 

righting  moments. 

The  free  surface  effect  is  also  independent  of 
the  free  surface  location  in  the  ship,  whether 
it  is  high  or  low,  forward  or  aft,  on  the  center- 
line  or  off,  as  long  as  the  boundaries  remain 
intact. 

The  loss  of  metacentric  height  can  obviously 
can  be  reduced  by  reducing  the  breadth  of  the 
free  surface,  as  by  the  Installation  of  longitudinal 
bulkheads.  However,  off-center  flooding  after 
damage  then  becomes  possible,  causing  the  ship 
to  take  on  a  permanent  list  and  usually  bringing 
about  a  greater  loss  in  stability  than  If  the 
bulkhead  were  not  present. 

The  loss  of  GZ  due  to  free  surface  is  always 
lessened  to  some  extent  by  pocketing.  This  is 
the  contact  of  the  liquid  with  ttie  topol  the  com- 
partment or  the  exposure  of  the  bottom  surface 
of  the  compartment,  either  of  which  takes  place 
at  some  definite  angle  and  reduces  the  breadth 
of  the  fr6e  surface  area.  To  understand  how 
pocketing  of  the  free  surface  reduces  the  free 
surface  effect,  study  figure  3-29.  Part  A  shows 
a  compartment. in  which  the  free  surface  effect 
is  not  influenced  lay  the  depth  of  the  loose  water. 
The  compartment  showninpartB,  however,  con- 
tains only  a  small  amount  of  water;  when  the 
ship  heels  sutfidenily  to  reduce  the  waterline 
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Figure  3-28.-Diagram  showing  virtual 
rise  in  G. 
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Figure  3-29.«-*Pocketing  of  free  surface; 


in  the  compartment  from  wl  to  Wili ,  the  breadth 
of  the  free  surface  is  reduced  and  tne  free  sur- 
face effect  is  thereby  reduced.  A  similar  re- 
duction in  free  surface  effect  occurs  in  the  al- 
most full  compartment  shown  in  part  C,  again 
because  of  the  reduction  in  the  breadth  of  the 
free  surface.  As  figure  3-29  shows,  the  bene- 
ficial effect  of  pocketing  is  greater  at  larger 
angles  of  heel. 

The  effect  of  pocketing  in  reducing  the  over 
all  free  surface  effect  is  extremely  variable 
and  not  easily  determined.  In  practice,  there- 
fore, it  is  usually  ignored  and'tends  to  provide 
a  margin  of  safety  when  computing  stability. 

Most  compartments  of  a  ship  contain  some 
solid  objects,  such  as  machinery  and  stores 
which  would  project  through  and  above  the  sur- 
face of  any  loose  water.  U  these  objects  are 
secured  so  that  they  do  not  float  or  move  about, 
and  if  they  are  not  permeable,  then  the  free 
surface  area  and  the  free  surface  effect  is  re- 
duced by  their  presence.  The  actual  value  of 
the  reduction  (surface  permeability  effect)  is 
difficult  to  calculate  and,  like  the  value  of 
pocketing.  If  ignored  when  calculating  stability 
will  provide  a  further  margin  of  safety. 

Swash  bulkheads  (nontight  bulkheads  pierced 
by  drain  holes)  are  fitted  in  deep  tanks  and 
double  bottoms  to  hinder  the  flow  of  liquid  in 
its  attempt  to  remain  continuously  parallel  to 
the  waterline  as  the  ship  rolls.  They  diminish 
the  free  surface  effect  if  the  roll  is  quick,  but 
they  have  no  effect  when  the  roll  id  slow.  A 
ship  taking  on  a  permanent  list  will  incline 
just  as  far  as  if  the  swash  plate  were  not  there. 
When  a  fore-and  -aft  bulkhead  separating  two 
adjacent  compartments  is  holed  (ruptured)  so 
that  any  flooding  water  present  in  one  is  free 
to  flow  athwartshlp  from  one  compartment  to 
the  other,  a  casualty  duplicating  the  effect  of 
a  swash  bulkhead  has  occurred.  Tn  this  case, 
it  is  incorrect  to  add  the  free  surface  effects 
of  the  two  compartments  together;  an  entirely 
new  figure  for  the  flooding  effect  must  be  com- 
puted, regarding  the  two  as  one  large  compart- 
ment. 

In  summary,  the  addition  of  a  liquid  weight 
with  a  free  surtace  has  two  effects  on  the  me- 
tacentric height  of  a  ship.  First,  there  Is  the 
effect  on  GM  and  GZ  of  the  weight  addition 
(considered  as  a  solid)  which  influences  the 
vertical  position  of  the  ship's  center  of  gravity, 
and  the  location  of  the  transverse  metacenter, 
M.  Secondly,  there  is  a  reduction  in  GM  and  GZ 
due  to  the  free  surface  effect. 
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FREE  COMMUNICATION  EFFECT 

If  one  or  more  of  the  boundaries  of  an  off-- 
center compartment  are  ruptured  so  that  the 
sea  may  flow  freely  in  and  out  with  a  minimum 
of  restriction  as  the  ship  rolls,  a  condition  of 
partial  flooding  with  free  communication  with 
the  sea  exists.  The  added  weight  of  the  flooding 
water  and  the  virtual  rise  in  G  due  to  the  free 
surface  effect  cause  what  is  known  as  free 
communication  effect.  With  an  off-center  space 
flooded,  a  ship  will  assume  a  list  which  will 
be  further  aggravated  by  the  free  surface  effect. 
As  the  ship  lists,  more  water  will  flow  into 
the  compartment  from  the  sea  and  will  tend  to 
level  off  at  the  height  of  the  external  waterline. 
The  additional  weight  causes  the  ship  to  sink 
further  allowing  more  water  to  enter,  causing 
more  list  until  some  final  list  is  reached.  The 
reduction  of  GM  due  to  free  communication 
effect  is  approximately  equal  in  magnitude  to 

ay2 

V 

where 

a  s  area  of  the  free  surface  in  square 

feet 

y  s  perpendicular  distance  from  the  geo- 
metric center  of  the  free  surface  area  to  the 
fore-and-aft  centerline  of  the  intact  waterline 
plane  in  feet 

V  s  new  voltmie  of  ship's  displacement 
after  flooding,  in  cubic  feet.  Thus  reduction  in 
GM  is  additional  to  and  separate  from  the  free 
surface  effect. 

The  approximate  reduction  in  GZ  may  be 
computed  from 

GZ  =  sin^ 
V 

This  may  be  considered  as  a  virtual  rise  in 
G,  superimposed  upon  the  virtual  rise  In  G  due 
to  the  free  surface  effect. 

U  two  partially  filled  tanks  on  opposite  sides 
of  an  intact  ship  are  connected  by  an  open  pipe 
at  or  near  their  bottoms  allowing  a  free  flow  of 
liquid  between  them^  the.  effect  on  GM  is  the 
same  as  if  both  tankis  were  in  free  communica- 
tion with  the  8ea#  Hencei  val^s  in  cross  con- 
nections between  such  tanks  should  never  be 
left  open  without  fimtf cipatlrig  the  acdolnpahylng 


decrease  in  stability.  Such  free  flow  is  known 
as  sluicing. 

SUMMARY  OF  EFFECTS  OF  LOOSE  WATER 

The  additton  of  loose  water  to  a  ship  alters 
the  stability  characteristics  by  means  of  three 
effects  that  must  be  considered  separately: 
(1)  the  effect  of  added  weight;  (2)  the  effect  of 
free  surface;  and  (3)  the  effect  of  free  communi- 
cation. 

Figure  3-30  shows  the  development  of  a 
stability  curve  with  corrections  for  added  weight, 
free  surface,  and  free  communication.  Curve 
A  is  the  ship's  original  stability  curve  before 
flooding.  Curve  B  represents  the  situation  after 
flooding;  this  curve  shows  the  effect  of  added 
weight  (increased  stability)  but  it  does  not 
show  the  effects  of  free  surface  or  of  free 
communication. Curve  C  is  curve  B  corrected 
for  free  surface  effect  only.  Curve  D  is  curve 
B  corrected  for  both  free  surface  effect  and 
free  communication  effect.  Curve  D,  therefore, 
is  the  final  stability  curve;  it  incorporates 
corrections  for  all  three  effects  of  loose  water. 

LONGITUDINAL  STABILITY  AND 
EFFECTS  OF  TRIM 

The  important  phases  of  longitudinal  in- 
clination are  changes  in  trim  and  longitudinal 
stability.  A  ship  pitches  longitudinally  in  con- 
trast to  rolling  transversely  and  it  trims  for- 
and-aft,  whereas  it  lists  transversely.  The 
difference  in  forward  and  after  draft  is  defined 
as  trim. 

CENTER  OF  FLOATATION 

When  a  ship  trims,  it  inclines  about  an  axis 
through  the  geometric  center  of  the  waterline 
plane.  This  point  is  known  as  the  center  of 
flotation.  The  position  for  the  center  of  flota- 
tion aft  of  the  mid-perpendicular  for  various 
drafts  may  be  found  from  a  curve  on  the  curves 
of  form  (fig.  3-25).  When  a  center  of  flotation 
curve  is  not  available,  or  when  precise  cal- 
culations are  not  required,  the  mid- perpendicu- 
lar may  be  used  in  lieuof  the  center  of  flotation. 

CHANGE  OF  TRIM 

Change  of  trim  may  be  defined  as  the  change 
in  the  difference  between  the  drafts  forward 
and  aft.  If  in  chcuiging  the  trim,  the  draft  forward 
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Figure  3-30.— Stability  curve  corrected  for  effects  of  added  weight, 
free  surface,  and  free  commimication. 
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becomes  greater/  then  the  change  is  said  to  be 
by  the  bow.  Conversely,  if  the  draft  aft  becomes 
greater,  the  change  of  trim  is  by  the  stem. 

Changes  of  trim  are  produced  by  shifting 
weights  forward  or  aft  or  adding  or  subtract- 
ing weights  forward  of  or  abaft  of  the  center  of 
flotation. 

LONGITUDINAL  STABIUTY 

Longitudinal  stability  is  the  tendency  of  a 
ship  to  resist  a  change  in  trim.  For  small  angles 
of  inclination,  the  longitudinal  metacentric  height 
mult^lied  by  the  displacement  is  a  measure  of 
Initial  longitudinal  stabUity.  The  longitudinal 
metacentric  height  is  designated  GM'  and  is 
found  from 

GM'=KB+BM'  -  KG 

where 

KB  an^  KG  are  the  same  as  for  transverse 
StabUity  BM'  (the  longitudinal  metacentric 
radius)  is  equal  to 


r=  the  moment  of  inertia  of  the  ship's 
waterline  plane  about  an  athwartship 
axis  through  the  center  of  flotation 

V  =  the  ship's  volume  of  displacement 

The  value  of  BM'  is  very  large-sometimes 
more  than  a  hundred  times  that  of  BM.  The 
values  of  BM'  for  various  drafts  may  be  found 
from  the  curves  of  form  (fig.  3-25). 

MOMENT  TO  CHANGE  TRIM  ONE  INCH 

The  measure  of  a  ship's  ability  to  resist  a 
change  of  trim  is  the  moment  required  to  pro- 
duce a  change  of  trim  of  a  definite  amoimt,  such 
as  one  inch.  The  value  of  the  moment  to  change 
trim  one  inch  is  obtained  from 


MTI  = 


GM'x  W 
12  L 


where 


where 


BM'=-^ 


GM's  longitudinal  metacentric  height  (feet) 

W  s displacement  (tons) 

L    s  length  between  forward  and  after 
pexpendiculars  (feet) 
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For  practical  work,  BM'  is  usually  substituted 
for  CM'  since  they  are  both  large  and  the  dif* 
ference  between  them  is  relatively  small.  When 
this  is  done,  howver,  MTI  is  called  the  approxi- 
mate moment  to  change  trim  one  inch*  This 
value  may  often  be  found  as  a  curve  in  the  curves 
of  form  (fig.  3-25).  If  not,  the  approximate 
moment  to  change  trim  one  inch  may  be  calcu- 
lated from 

BM;'xW 

CALCULATION  OF  CHANGE  OF  TRIM 

The  movement  of  wei^t  aboard  ship  in  a 
fore-*and-aft  direction  produces  a  trimming 
moment.  This  moment  is  equal  to  the  weight 
multiplied  by  the  distance  moved.  The  change 
of  trim  in  inches  may  be  calculated  by  dividing 
the  trimming  moment  by  the  moment  to  change 
trim  one  inch: 

change  of  trimg^^|^| 

The  direction  of  change  of  trim  is  the  same 
as  that  of  weight  movement.  If  we  are  using  mid- 
ships as  our  axis  of  rotation,  the  change  in  draft 
forward  equals  the  change  In  draft  aft.  This 
change  of  draft  forward  or  aft  is  one-half  the 
change  6f  trim;  for  example,  for  a  change  of 
trim  by  the  stem  the  after  draft  increases  the 
same  amount  the  forward  draft  decreases,  that 
is,  one-half  the  change  of  trim.  The  reverse 
holds  true  for  a  change  of  trim  by  the  bow. 

Example:  If  50  tons  of  ammtmition are  moved 
from  approximately  150  feet  forward  of  the 
center  of  flotation  to  approximately  150  feet  aft 
of  the  center  of  flotation  (300  feet),  what  are  the 
new  drafts? 

draft  fwda  19  feet  9  inches 
draft  aft»  20  feet  3  inches 
mean  drafts  20  feet 

trimming  moment^rSO  x300slS,000foot*tons 

moment  to  change  trim  one  lnch=1940  foot- 
tons,  from  the  following  calculation: 

(BM'  from  curve  in  figure  3-*25) 

change  of  trim-  03  inches  by  the  stem 

.  1940 


change  of  draft  —  4  inches  fwd,  4  inches  aft 

new  draft  fwd=  19  feet  5  inches 
new  draft  aft »  20  feet  7  inches 

LONGITUDINAL  WEIGHT  ADDITION 

The  addition  of  a  wei^t  either  directly  above 
or  below  the  center  of  flotation  will  cause  an 
increase  in  mean  draft  but  will  not  change  trim. 
All  (li/^afts  will  change  by  the  same  amount  as 
the  mean  draft.  The  reverse  is  true  when  a 
wei^t  is  removed  at  the  center  of  flotation. 

To  determine  the  change  in  drafts  forward 
and  aft  due  to  adding  a  weight  on  the  ship,  the 
computation  is  in  two  steps.  First,  the  weightis 
assumed  to  be  added  at  the  center  of  flotation. 
This  increases  the  mean  draft  and  all  the  drafts 
by  the  same  amount.  The  increase  is  equal  to 
the  weight  added,  divided  by  the  tons-per-inch 
immersion.  With  the  ship  at  its  new  drafts,  the 
weight  is  assumed  to  be  moved  to  its  ultimate 
location.  Moving  the  weightforeandaftproduces 
a  trimming  moment  and  therefore  a  change  in 
trim  which  is  calculated  aspreviously  described. 

FLOODING  EFFECT  DIAGRAM 

From  the  flooding  effect  diagram  of  the 
ship's  Damage  Control  Book  it  is  possible  to 
obtain  the  change  in  draft  fore  and  aft  due  to 
solid  flooding  of  a  compartment.  The  weight  of 
water  to  flood  specific  compartments  is  given 
and  trimming  moment  produced  may  be  com- 
puted, as  well  as  list  in  degrees  which  may  be 
caused  by  the  additional  weight.  Additional  in- 
formation on  the  flooding  effect  diagram  can  be 
obtained  from  Chapter  9880  of  the  Naval  Shtos 
Technical  Manual. 

EFFECT  OF  TRIM  ON  TRANSVERSE 
STABILITY 

The  curves  of  form  prepared  for  a  ship  are 
based  on  the  design  conditions,  i.e.,  with  no 
trim.  For  most  types  of  ship,  so  long  as  trim 
does  not  become  excessive,  the  curves  are  still 
applicable,  and  may  be  used  without  adjustment. 

When  a  ship  trims  by  the  stem,  the  trans- 
verse metacenter  is  sli^tly  higher  than  indi- 
cated by  the  KM  curve,  because  both  KB  and 
BM  increase.  Hie  center  of  buoyancy  rises  be- 
cause of  the  movement  of  a  wedge  of  buoyancy 
upward.  The  increased  BM  is  the  result  of  an 
enlarged  wateiplane  as  the  ship  trims  by  the 
stem. 
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Trim  by  bow  usually  means  a  decreased  KM. 
The  center  of  buoyancy  will  rise  slightly,  but 
this  is  usually  counteracted  by  the  decreased 
BM  caused  by  the  lower  moment  of  inertia  of 
the  trimmed  waterplane. 

CAUSES  OF  IMPAIRED  STABILITY 

The  stability  of  a  ship  may  be  impaired  by 
several  causes,  resulting  from  mistakes  or  from 
enemy  action.  A  summary  of  these  causes  and 
their  effects  follows: 

ADDITION  OF  TOPSIDE  WEIGHT 

The  addition  of  appreciable  amounts  of  top- 
side weight  may  be  occasioned  by  unauthorized 
alterations;  icing  conditions;  provisions,  ammu- 
nition, or  stores  not  struck  down;  deck  cargo; 
and  other  conditions  of  load.  Whenever  a  weight 
of  considerable  magnitude  is  added  above  the 
ship's  existing  center  of  gravity  the  effects  are: 

1.  Reduction  of  reserve  buoyancy. 

2.  Reduction  of  GM  and  righting  arms  due  to 
raising  G. 

3.  Reduction  of  GM  and  righting  arms  due 
to  loss  of  freeboard  (change  of  waterplane). 

4.  Reduction  of  righting  arms  if  G  is  pUlled 
away  from  the  centerline. 

5»  Increase  in  righting  moment  due  to  in- 
creased displacement. 

The  net  effect  of  added  hig^  weight  is  always 
a  reduction  in  stability.  The  reserve  buoyancy 
loss  is  addedweight  in  tons.  The  new  metacentric 
height  can  be  obtained  from: 

GjMj  *-KMj  -  KGj 

Stability  is  determined  by  selecting  a  new 
stability  curve  from  the  cross  curves  and  cor- 
recting it  for  AG|  8in0  and  GxG2  cos  $. 

LOSS  OF  RESERVE  BUOYANCY 

Reserve  buoyancy  may  be  lost  due  to  errors, 
such  as  poor  maintenance,  failure  to  close  fit- 
tings properly,  improper  classification  of  fit- 
tings, and  overloading  the  ship;  or  it  may  be  lost 
as  a  result  of  enemy  action  sudi  as  fragment  or 
missile  holes  in  boundaries,  blast  which  carries 
away  boundaries  or  blows  open  or  warps  fittings, 
and  flooding  which  overloads  the  ship.  When  the 
above-water  body  is  holed,  some  reserve  buoy- 


ancy is  lost.  The  immersion  of  buoyant  volume 
is  necessary  to  the  develqpment  of  a  righting 
arm  as  the  ship  rolls;  if  the  hull  is  riddled  it 
can  no  longer  do  this  on  the  damaged  side, 
toward  which  it  will  roll.  In  effect,  the  riddling 
of  the  above- water  hull  is  analogous  to  losing  a 
part  of  the  freeboard,  thus  reducing  stability. 
When  this  happens,  if  the  ship  takes  water 
aboard  on  the  roll,  the  combined  effects  of  high 
added  weight  and  free  surface  operate  to  cut 
down  the  righting  moment.  Therefore,  the  under- 
water hull  and  body  should  be  plugged  and 
patched,  and  every  effort  should  be  made  to  re- 
store the  watertightness  of  external  and  internal 
boundaries  in  the  above-water  body. 

FLOODING 

Flooding  may  take  place  because  of  under- 
water damage,  shell  or  bomb  burst  below  decks, 
collision,  topside  hit  near  the  waterline,  fire- 
fighting  water,  nq)tured  poping,  sprinkling  of 
magazines,  counterflooding,  or  leakage  .Regard- 
less of  how  it  takes  place  it  can  be  classified 
in  three  general  categories,  each  of  which  can 
be  ftirther  broken  down,  as  follows: 

1 .  with  respect  to  boundaries 

a.  solid  footing 

b.  partial  flooding 

c.  partial  flooding  in  free  communication 
with  the  sea 

2.  with  respect  to  height  in  the  ship 

a.  center  of  gravity  of  the  floodingwater 
is  above  G 

b.  center  of  gravity  of  the  floodingwater 
is  below  G 

3.  with  respect  to  the  ship's centerline 

a.  symmetrical  flooding 

b.  off-center  flooding 

Solid  Flooding 

The  term  solid  flooding  designates  the  situ- 
ation in  which  a  compartment  is  completely 
filled  from  deck  to  overhead.  In  order  for  this 
to  occur  the  compartment  must  be  vented  as  by 
an  air  escape,  an  open  scuttle  or  vent  fitting,  or 
through  fragment  holes  in  the  overhead.  Solid 
flooding  water  behaves  exactly  like  an  added 
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weight  and  has  the  effect  of  so  many  tons  placed 
exactly  at  the  center  of  gravity  of  the  flooding 
water.  It  Is  more  likely  to  occur  below  the 
waterline,  where  it  has  the  effect  of  any  added 
low  weight.  Inasmuch  as  G  is  usually  a  little 
above  the  waterline  in  warships,  the  net  effect 
of  solid  flooding  below  the  waterline  is  most 
frequently  a  gain  in  stability,  unless  a  sizeable 
list  or  a  serious  loss  of  freeboard  results  in  a 
net  reduction  of  stability.  The  reserve  buoyancy 
consumed  is  the  weight  of  flooding  water  in  tons, 
and  the  new  GM  and  stability  characteristics 
are  found  as  previously  explained. 

Partial  Flooding  with  Boundaries  Intact 

The  term  partial  flooding  refers  to  a  condi- 
tion in  which  the  surface  of  the  flooding  water 
lies  somewhere  between  the  deck  and  the  over- 
head of  a  compartment.  The  boundaries  of  the 
compartment  remain  watertight  and  the  com- 
partment remains  partially  but  not  conqpletely 
filled.  Partial  flooding  can  be  brought  about 
leakage  from  other  damaged  compartments  or 
through  defective  fittings,  seepage,  shipping 
water  on  the  roll,  downward  drainage  of  water, 
loose  water  from  firefighting,  sprinklers,  rup- 
tured piping,  and  other  damage. 

Partial  flooding  of  a  compartment  that  has 
intact  flooding  boundaries  affects  the  stability 
of  the  ship  because  of  (1)  the  effect  of  added 
weight,  and  (2)  the  effect  of  free  surface.  The 
effect  of  the  added  weight  will  depend  upon 


whether  the  wei^it  is  high  in  the  ship  or  low, 
and  whether  it  is  symmetrical  about  the  center- 
line  or  is  off-center.  The  effect  of  free  surface 
will  depend  primarily  \q>on  the  athwartship 
breadth  of  the  free  surface.  Unless  the  free 
surface  is  relatively  narrow  and  the  weight  is 
added  low  in  the  ship,  the  net  effected  partial 
flooding  in  a  compartment withintactboundaries 
is  likely'^^o  be  a  very  definite  loss  in  overall 
stability. 

Partial  Flooding  in  Free  Communication 
with  the  Sea 

Free  communication  can  exist  only  in  par- 
tially flooded  compartments  in  which  it  is 
possible  for  the  sea  to  flow  in  and  out  as  the 
ship  roUs.  Partial  flooding  with  free  communi- 
cation is  most  likely  to  occur  when  there  is  a 
large  hole  that  extends  above  and  below  the 
waterline.  It  may  also  occur  in  a  waterline 
compartment  when  there  is  a  large  hole  in  the 
shell  below  the  waterline,  if  the  compartment 
is  vented  as  the  ship  rolls.  Where  free  com- 
municaticxi  does  exist,  the  water  level  in  the 
compartment  remains  at  sea  level  as  the  ship 
rolls. 

When  a  compartment  is  partially  flooded  and 
in  free  communication  with  the  sea,  the  ship's 
stability  is  affected  by  (1)  added  weight,  (2)  free 
surface  effect,  and  (3)  free  communication  ef- 
fect. In  general,  net  effect  of  partial  flooding 
with  free  conmiimlcation  is  a  decided  loss  in 
stabUity. 
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PREVENTIVE  AND  CORRECTIVE  DAMAGE  CONTROL 


Aboard  ship,  the  overnU  damage  nuc?  casualty 
control  function  Is  composed  of  two  separate  but 
related  phases:  the  engineorlng  cast  alty control 
phase  an<J  the  damage  cc.itrol  phase.  Th^,  en- 
gineerlnfi  officer  Is  respon  sible  for  bot^  phases. 

The  engineering  cadiialty  control  phase  U\ 
concerned  with  the  prevention,  mfe?imizatlon,  a  <:d 
correction  of  the  effects  of  operatbnalandbattie 
casualties  to  the  machlneryi  electrical  systems, 
aiid  piping  installations,  to  the  end  that  allengi* 
nseripg  services  maybe  maintained  In  agitate  of 
maximum  7  eliabUity  isioer  all  conditions  of  op* 
eration.  Ena;.iaeerlng  casualty  control  is  handled 
almost  entirely  by  personnel  of  the  enginoorlhi^ 
department. 

Tb  e  damage  control  pha^%  mv  the  other  hand, 
involves  practically  every  person  aboard  sh)p. 
The  damage  control  pl^aiseiacorfCwmied  with  e-j:<^h 
things  as  the  preservation  of  stability  a^^d  wa  ter* 
tight  integrity,  the  control  offires,  the  control  of 
flooding,  the  repair  of  structural  damage,  and  the 
control  of  nuclear,  biological,  and  chemical 
contamination.  Although  under  the  contrcfl  of  the 
engineer  officer,  damage  control  is  an  all-hands 
responsibility. 

This  cliapter  presents  some  basic  informa- 
tion on  the  principles  of  the  damage  control 
phase  of  the  damage  and  casualty  control  func- 
tion, ^formation  on  engineering  casualty  control 
is  not  included  here;  any  such  information  would 
be  relatively  meaningless  without  a  considerable 
background  knowledge  of  the  normal  operating 
characteristics  of  shipboard  machinery  and 
equipment. 

PREPARATIONS  TO  RESIST  DAMAGE 

r 

Naval  ships  are  designed  to  restst  accidental 
and  battle  damage.  Damage  resistant  features  in- 
clude structural  strength,  watertight  compart- 
mentation,  stabUity,  and  buoyancy.  Maintaining 
these  damage  resistant  features  and  maintaining 
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a  high  state  of  material  and  personnel  readinc^ss 
before  damage  is  far  more  important  for  sur- 
vival than  are  any  damage  control  mieaisures 
that  can  be  taken  after  the  ship  has  been  dam- 
aged. It  has  been  said  that  90  percent  of  ^.he 
damage  control  needed  to  sav^  a  ship  takers  place 
before  the  ship  is  damagex:j^nd  only  10  percent 
c&n  be  done  after  the  damage  has  occurred.  In 
spile  of  all  precautions  and  all  prepax^atory 
measures,  hctvever,  the  survival  of  a  ship  some- 
times d^ei)ds  upc!^  prompt  and  effective  damkjre 
control  measures  taken  after  damage  has  occv^r- 
rrxi<  It  is  essen.  ial,  therefore,  that  all  shipboard 
jperscnnel  be  tx  -^ined  in  damage  control  proce- 
dures. 

The  mainten.  r.Cfit  of  watertight  integrity  is  a 
part  of  any  snip's  preparations  to  resist 
damage.  Each  *r.^amaged  tank  or  compartment 
aboard  ship  must  be  kept  watertight  if  flooding 
is  not  to  be  progressive  after  damage.  Water- 
tigtit  integrity  can  be  lost  in  a  number  0;  ways. 
Failure  to  secure  access  closures  and  improper 
maintenance  of  watertight  fittings  and  compart- 
ment boundaries,  as  well  as  external  damage  to 
the  ship,  can  cause  loss  of  watertight  integrity, 
a  thorough  system  of  tests  and  inspections  is 
prescribed^  The  condition  of  watertight  boun<;3a- 
ries,  compartments,  and  fittings  is  determined 
by  visual  observation  and  by  various  test^^  in- 
cluding chalk  tests  and  air  te^s.  :kll  detects 
discovered  by  any  test  or  inspectip*?  must  be 
remedied  immediately. 

For  most  ships,  a  mandatory  schedule  of  wa« 
tertight  integrity  tests  and  inspci  tions  is  pve- 
pared.  This  schedule  informs  eae^  «hip  of  the 
compartments  subject  to  test  and/i>i  jih>apectiQn, 
specifying  which  type  of  test  or  inspection  shall 
be  applied.  Ships  not  provided  with  such  a  sched- 
ule are .  nevertheless  required  to  make  inspec- 
tions of  important  watertight  boundaries  as  re« 
quired  by  chapter  9290  of  the  of  Nuvol  Ships 
Technical  Manual. 
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DAMAGE  CONTROL  ORGANIZATION 

In  order  to  ensure  damage  control  ti.'^ining 
and  to  provide  prompt  control  of  cafiualties,  a 
damage  control  organization  must  be  set  up  and 
kept  active  on  all  ships. 

As  previously  noted,  the  engineer  officer  is 
responsible  for  damage  control.  The  damage 
control  assistant  (DCA),  who  is  under  the  engi- 
neer officer,  is  responsible  for  establishing  and 
maintaining  an  effective  damage  control  organi- 
zation. Specifically,  the  DCA  is  responsible  for 
the  prevention  and  control  of  damage,  the  train- 
ing of  ship's  personnel  in  damage  control,  and 
the  pperation,  care,  and  maintenance  of^  certain 
auxiliary,  machinery,  piping,  and  drainage  sys- 
tems not  assigned  to  other  departments  or  divi- 
sions. 

Although  naval  ships  may  be  large  or  small, 
and  although  they  differ  in  type,  the  basic  prin- 
ciples of  the  damage  control  organization  are 
more  or  less  standardized.  Some  organizations 
are  larger  and  more  elaborate  than  others,  but 
they  all  ftinction  on  the  same  basic  principles. 

A  standard  damage  control  organization, 
suitable  for  larg<  ships  but  followed  by  all  ships 
as  closely  as  practicable,  includes  damage  con- 
trol central  and  repair  stations.  Damage  control 
central  is  integrated  with  propulsion  and  elec- 
trical control  in  a  Central  Control  Station  on 
new  large  ships  and  is  a  separate  Station  on 
older  and  small  ships.  Repair  parties  are  as- 
signed to  specifically  located  repair  stations. 
Repair  stations  are  further  subdivided  into  unit 
patrols  to  permit  dispersal  of  personn^  and  a 
wide  coverage  of  the  assigned  areas. 

DAMAGE  CONTROL  CENTRAL 

The  primary  purpose  of  damage  control  cen- 
tral is  to  c(dlect  and  compare  reports  from  the 
various  repair  stations  in  order  to  determine 
the  condition  of  thd  ship  andthe  corrective  action 
to  be  taken.  The  commanding  officer  is  kept 
posted  on  the  condition  of  the  ship  and  on  im- 
portant corrective  measures  taken.  The  damage 
control  assistant,  at  his  battle  station  in  damage 
control  central,  is  the  nerve  center  and  direct- 
ing force  of  the  entire  damage  control  organi- 
zation. He  is  assisted  in  damage  control  central 
by  a  stability  otticer,  ai  casu^ty  board  operator, 
and  a  damage  analyst.  In  dadition,  representa- 
tives of  the  various  divisions  of  the  engineering 
department  are  assigned  to  damage  control 
central. 
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Jn  damage  control  central,  repair  party  re- 
ports are  carefully  checked  so  that  immediate 
action  can  be  taken  to  isolate  damage  and  to 
make  emergency  repairs  in  the  most  effective 
manner.  Graphic  records  of  the  damage  are 
made  on  various  damage  control  diagrams  and 
status  boards,  as  the  reports  are  received.  For 
example,  reports  concerning  flooding  are  mark- 
ed up,  as  they  come  in,  on  a  status  board  which 
indicates  liquid  distribution  before  damage.  With 
this  information,  the  stability  and  buoyance  of 
the  ship  can  be  estimated  and  the  necessary 
corrective  measures  can  be  determined. 

If  damage  control  central  is  destroyed  or  is 
for  other  reasons  unable  to  retain  control,  the 
repair  stations,  in  designated  order,  take  over 
thes^  same  functions.  Provisions  are  also  made 
for  passing  the  control  of  each  repair  station 
down  through  the  (dicers,  petty  officers,  and 
nonrated  men,  so  that  no  group  will  ever  be 
without  a  leader. 

REPAIR  PARTIES 

A  standard  damage  control  organization  on 
large  ships  includes  the  following  repair  sta- 
tions: 

Repair  l.(deck  or  topside  repair). 
Repair  2  (forward  repair). 
Repair  3  (after  repair). 
Repair  4  (amidship  repair). 
Repair  5  (propulsion  repair). 
Repair  6  (ordnance  repair). 

On  carriers,  there  are  two  additional  repair 
stations— Repair  7  (gallery  deck  and  island 
structure  repair)  and  Repair  6  (electronics  re- 
pair party).  Carriers  also  have  special  orga- 
nized teams  such  as  Aviation  Fuel  Repair,  Crash 
and  Salvage,  and  Qrnance  Disposal.  On  small 
ships,  there  are  usually  three  repair  stations- 
Repair  2,  Repair  3,  and  Repair  5. 

The  organization  of  repair  stations  is  basic- 
ally the  same  on  all  types  of  ships;  however, 
more  men  are  available  for  manning  repair 
stations  on  large  ships  than  on  small  ships.  The 
number  and  the  ratings  of  men  assigned  to  a 
repair  station,  as  specified  in  the  battle  bill, 
are  determined  by  the  location  of  the  station, 
the  portion  of  the  ship  assigned  to  that  station, 
and  the  total  number  of  men  available. 

Each  repair  party  has  an  officer  in  charge, 
who  may  in  some  cases  be  a  chief  petty  officer. 
The  second  in  charge  is  usually  a  chief  petty 
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officer  who  is  qualified  in  damage  control  and 
who  is  capable  of  taking  over  the  supervision 
of  the  repair  party. 

Many  repair  stations  have  unit  patrol  sta- 
tions at  key  locations  in  their  assigned  areas  to 
8tq;>plement  the  repair  station.  Operating  in- 
structions should  be  posted  at  each  repair  sta- 
tion, in  general,  instructions  should  include  the 
purpose  of  the  repair  station;  the  specific  as- 
signments of  Qpace  for  which  that  station  is 
responsible;  instructions  for  assigning  and  sta- 
tioning personnel;  methods  and  procedures  for 
damage  contrdl  communications;  instructions 
for  handling  machinery  and  equipment  located 
in  the  area;  procedures  for  nuclear,  biological, 
anid  chemical  (NBC)  defense;  sequence  and  pro- 
cedure for  passing  control  from  one  station  to 
another;  a  list  of  current  damage  control  bills; 
and  a  list  of  all  damage  control  equipment  and 
gear  provided  for  the  repair  station. 

MATERIAL  CONDITIONS  OF  READINESS 

BAaterial  conditions  of  readiness  refers  to 
the  degree  of  access  and  system  closure  to 
limit  the  extent  of  damage  tothe  ship.  Maximum 
closure  is  not  maintained  at  all  times  because 
it  would  interfere  with  the  normal  operation  of 
the  ship.  For  damage  control  purposes,  naval 
ships  have  three  material  conditions  of  readi- 
ness, each  condition  representing  a  different 
degree  of  ti^tness  and  protection.  The  three 
material  conditions  of  readiness  are  called 
X-RAY,  YOKE,  and  ZEBRA.  These  tiUes,  which 
have  no  connection  with  the  phonetic  alphabet, 
are  used  in  all  spoken  and  written  communica- 
tions concerning  material  conditions. 

Condition  X-RAY,  which  provides  the  least 
protection,  is  set  when  the  ship  is  in  no  danger 
from  attack,  such  as  when  it  is  at  anchor  in  a 
well  protected  harbor  or  secured  atahomebase 
during  regular  working  hours. 

Condition  YOKE,  which  provides  somewhat 
more  protection  than  condition  X-RAY,  is  set 
and  maintained  at  sea.  It  is  also  maintained  in 
port  during  wartime  and  at  other  times  in  port 
outside  of  regular  working  hours. 

Condition  ZEBRA  is  set  before  going  to  sea 
or  entering  port,  during  wartime.  It  is  also  set 
inunediately,  without  further  orders,  when 
manning  general  quarters  stations,  ^[^ondition 
ZEBRA  is  also  set  to  localize  and  contrcfl  fire 
and  flooding  when  not  at  general  quarters  sta- 
tions. 


The  closures  involved  in  settingthe  material 
conditions  of  readiness  are  labeled  as  follows: 

X-RAY,  marked  with  a  black  X.  These  clo- 
sures are  secured  during  conditions  X-RAY, 
YOKE,  and  ZEBRA. 

YOKE,  marked  with  a  black  Y.  These  clo- 
sures are  secured  during  conditions  YOKE  and 
ZEBRA. 

ZEBRA,  marked  with  a  red  Z.  These  clo- 
sures are  secured  during  condition  ZEBRA. 

Once  the  material  condition  is  set,  no  fitting 
miurked  with  a  black  X,  a  black  Y,  or  a  red  Z 
may  be  opened  without  permission  of  the  com- 
manding officer  (through  the  damage  contrcfl 
assistant  or  the  officer  of  the  deck.)  The  re- 
pair party  officer  controls  the  opening  and 
closing  of  all  fittings  in  his  assigned  area  during 
general  quarters. 

Additional  fitting  markings  for  specific  pur- 
poses are  modifications  of  the  tturee  basic  con- 
diti'xis,  as  follows: 

CIRCLE  X-RAY  fittings,  marked  with  a  black 
X  in  a  black  circle,  are  secured  during  condi- 
tions X-RAY,  YOKE,  and  ZEBRA.  CIRCLE 
YOKE  fittings,  marked  with  a  black  Y  ina  black 
circle,  are  secured  during  conditions  YOKE  and 
ZEBRA.  Both  CIRCLE  X-RAY  and  CIRCLE 
YOKE  fittings  may  be  opened  without  special 
authority  when  going  to  or  securing  from  gen- 
eral quarters,  when  transferring  ammunition, 
or  when  operating  vital  systems  during  general 
quarters;  but  the  fittings  must  be  secured  when 
not  in  use. 

CIRCLE  ZEBRA  fittings,  marked  with  a  red 
Z  in  a  red  circle,  are  secured  during  condition 
ZEBRA.  CIRCLE  ZEBRA  fittings  may  be  qpened 
during  prolonged  periods  of  general  quarters, 
when  the  condition  may  be  modified.  Opening 
these  fittings  enables  personnel  to  prepare  and 
distribute  battle  rations,  open  limited  sanitary 
facilities,  ventilate  battle  stations,  and  provide 
access  from  ready  rooms  to  flight  deck.  When 
open,  CIRCLE  ZEBRA  fittings  must  bp:  guarded 
for  immediate  closure  if  necessary. 

DOG  ZEBRA  fittings,  marked  with  a  red  Z 
in  a  black  D,  are  secured  during  condition 
ZEBRA  and  during  darken  ship  condition.  The 
DOG  ZEBRA  classification  applies  to  weather 
accesses  not  equipped  with  li^t  switches  or 
lig^t  traps. 

WILLIAM  fittings,  marked  with  a  black  W, 
are  kept  open  during  aU  material  conditions. 
This  classification  applies  to  vital  sea  suction 
valves  supplying  main  and  auxiliary  condensers, 
fire  pumps,  and  spaces  that  are  manned  during 
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conditions  X-RAY,  YOKE,  and  ZEBRA;  it  also 
applies  to  vital  valves  that,  if  secured,  would 
impair  the  mobility  and  fire  protection  of  the 
ship.  These  items  are  secured  only  as  neces- 
sary to  control  damage  or  contamination  and  to 
effect  repairs  to  the  units  served. 

CIRCLE  WILLIAM  fittings,  marked  with  a 
black  W  in  a  black  circle,  are  normally  kept 
open  (as  WILLIAM  fittings  are)  but  must  be 
secured  as  defense  against  nuclear,  bicflogical, 
or  chemical  attack. 

INVESTIGATION  OF  DAMAGE 

The  DC  A  must  be  given  all  available  informa- 
tion concerning  the  nature  and  extent  of.  damage 
so  that  he  will  be  able  to  analyze  the  damage 
and  decide  upon  appropriate  measures  of  con- 
trol. The  repair  parties  that  are  investigating 
the  damage  at  the  scene  are  normally  in  the 
best  position  to  give  dependable  information  on 
the  nature  and  extent  of  the  damage.  All  re- 
pair, party  personnel  should  be  trained  to  make 
prompt,  accurate,  and  complete  reports  to  dam- 
age control  central.  Rems  that  should  normally 
be  reported  to  damage  contrcfl  central  include: 

1.  Description  of  important  things  seen, 
heard,  or  felt  by  personnel. 

2.  Location  and  nature  of  fires,  smoke,  and 
toxic  gases. 

3.  Location  and  natture  of  progressive  flood- 
ing. 

4.  Overall  extent  and  nature  of  flooding. 

5.  Structural  damage  to  longitudinal  strength 
members. 

6.  Location  and  nature  of  damage  to  vital 
piping  and  electrical  systems. 

7.  Local  i>rogress  made  in  controlling  fire; 
halting  flooding;  isolating  damaged  systems;  and 
rigging  Jury  piping,  casualty  power,  and  emer- 
gency conununlcations, 

8.  Conqpartment-by- compartment  informa- 
tion on  flooding,  including  depth  of  liquid  in  each 
flooded  compartment. 

9.  Condition  of  boundaries  (decks,  bulkheads, 
and  closures)  surrounding  eachflooded  compart- 
ment. 

10^  Local  progress  made  in  reclaiming  com- 
partments by  plugging,  patching,  shoring,  and 
removing  loose  water. 

11.  Areas  in  which  damage  is  suspected  but 
cannot  be  reached  or  verified. 

The  DC  A  must  ascerUin  Just  what^informa- 
tion  the  commanding  officer  desires  concern- 
ing the  eactent  of  the  4amage  incurred  and  the 


corrective  measures  taken.  The  DC  A  must  also 
find  out  how  detailed  the  information  to  the  CO 
should  be  and  when  it  is  to  be  furnished.  With 
these  guidelines  in  mind,  the  DCA  must  sift  all 
information  coming  into  damage  control  central 
and  pass  along  to  the  bridge  only  the  type  of 
information  that  the  CO  wants  to  have. 

CORRECTIVE  MEASURES 

Measures  for  the  control  of  damage  may  be 
divided  into  two  general  categories:  (1)  over- 
all ship  survival  measures,  and  (2)  immediate 
local  measures. 

OVERALL  SHIP  SURVIVAL  MEASURES 

Overall  ship  survival  measures  are  those 
actions  initiated  by  damage  control  central  for 
the  handling  of  list,  trim,  buoyance,  stability, 
and  hull  strength.  Operations  in  this  category 
have  five  general  objectives:  inqproving  GM 
and  overall  stability,  correcting  for  off-center 
weight,  restoring  lost  freeboard  and  reserve 
buoyancy,  correcting  for  trim,  and  relieving 
stress  in  longitudinal  st.rength  members. 

Improving  GM 

and  Overall  StabUity 

The  measures  used  to  improve  GM  and  over- 
all stability  in  a  damaged  ship  include  (1) 
suppressing  free  surface,  (2)  Jettisoning  tqp- 
side  weights,  (3)  ballasting,  (4)  lowering  liquid 
or  scflid  weights,  and  (5)  restoring  boundaries. 

Correcting  for 
Ott-Center  Weight 

QCf-center  weight  may  occur  as  the  result 
of  unsymmetrical  flooding  or  as  the  result  of 
an  athwartship  movement  of  weight.  Correcting 
for  off-center  wei^t  may  be  accomplished  by 
(1)  pumping  out  off-center  flooding  water,  (2) 
pumping  liquids  across  the  ship,  (3)  counter- 
flooding,  (4)  jettisoning  tqpside  weights  from 
the  low  side  of  the  ship,  (5)  shifting  scflid 
weights  athwartships,  and  (6)  pumping  liquids 
overboard  from  intact  wing  tanks  on  the  low 
side. 

Restoring  Lost  Freeboard 
and  Reserve  Buoyancy 

Restoring  lost  freeboard  and  reserve  buoy- 
ancy requires  the  removal  of  large  quantities 
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of  weight.  In  general,  the  most  practicable  way 
of  accomplishing  this  is  to  restore  watertight 
boundaries  and  to  reclaim  compartments  by 
pumping  them  out.  Any  corrective  measure 
which  removes  weight  from  the  ship  contributes 
to  the  restoration  of  freeboard. 

Correcting  for  Trim 

The  methods  used  to  correct  for  trim  after 
damage  include  (1)  pumping  out  flood  water,  (2) 
pumping  liquids  forward  or  aft,  (3)  counter- 
flooding  the  hi'i^h  end,  (4)  jettisoning  topside 
weights  from  the  low  end,  (5)  shifting  solid 
weights  from  the  low  end  to  the  high  end,  and 
(6)  pumping  liquids  over  the  side  from  intact 
tanks  at  the  low  end.  The  first  of  these  methods— 
that  is,  pumping  out  flood  water— is  in  most 
cases  the  only  truly  effective  means  of  correct- 
ing a  severe  trim. 

The  correction  of  trim  is  usually  secondary 
to  the  correction  of  list,  unless  the  trim  is  so 
great  that  there  is  danger  of  submerging  the 
weather  deck  at  the  low  end. 

Relieving  Stress  in 
Longitudinal  Strength  Members 

When  a  ship  is  partially  flooded,  the  longi- 
tudinal strength  members  are  subject  to  great 
stress.  In  cases  where  damage  has  carried 
away  or  buckled  the  strength  members  amid- 
ships, the  additional  stress  imposed  by  the 
weight  of  the  flooding  water  may  be  enough  to 
cause  the  ship  to  break  up.  The  only  effective 
way  of  relieving  stress  caused  by  flooding  is 
to  remove  the  water.  Other  measures,  such  as 
removing  or  shifting  weight,  may  be  helpful 
but  cannot  be  completely  effective.  In  some  in- 
stances, damaged  longitudinals  may  be  strength- 
ened by  wUding. 

IMMEDIATE  LOCAL  MEASURES 

Immediate  local  measures  are  those  actions 
taken  by  repair  parties  at  the  scene  of  the  dam- 
age. In  general,  these  measures  include  all 
on-scene  efforts  to  investigate  the  damage,  to 
report  to  damage  control  central,  and  to  ac- 
complish the  following: 

1.  Establish  flooding  boundaries  by  select- 
ing a  line  of  intact  bulkheads  and  deckslo  which 
the  flooding  may  be  hAd  and  by  rapidly  plugging, 
patching,  and  shoring  to  make  these  boundaries 
watertight  and  dependable. 


2.  Control  and  extinguish  fires.  . 

3.  Establish  secondary  flooding  boundaries 
by  selecting  a  second  line  of  bulkheads  anddecks 
to  which  the  flooding  may  be  held  if  the  first 
flooding  boundaries  fail. 

4.  Advance  flooding  boundaries  by  moving 
in  toward  the  scene  of  the  damage,  plugging, 
patching,  shoring,  and  removing  loose  water. 

5.  Isolate  damage  to  machinery,  piping, 
and  electrical  systems. 

6.  Restore  piping  systems  to  service  by 
the  use  of  patches,  jumpers,  clamps,  coiqplings, 
etc. 

.  7.  Rig  casualty  power. 

8.  Rig  emergency  conununications  and 
lighting. 

9.  Rescue  personnel  and  care  for  the  wound- 
ed. 

10.  Remove  wreckage  and  debris. 

1 1 .  Cover  or  barricade  dangerous  areas. 

12.  Ventilate  compartments  which  are  filled 
with  smoke  or  toxic  gases. 

13.  Take  measures  to  counteract  the  effects 
of  nuclear,  biological,  and  chemical  contamina- 
tion or  weapons. 

Immediate  local  measures  for  the  control 
of  damage  are  of  vital  importance.  It  is  not 
necessary  for  damage  control  central  to  decide 
on  these  measures;  rather,  they  should  be  car- 
ried out  automatically  and  rapidly  by  repair 
parties.  However,  damage  control  central  should 
be  continuously  and  accuratdy  advised  of  the 
progress  made  by  each  party  so  that  the  efforts 
of  all  repair  parties  may  be  coordinated  to  the 
best  advantage. 


PRACTICAL  DAMAGE  CONTROL 


Both  the  immediate  local  measures  and  the 
overall  ship  survival  measures  have,  of  course, 
the  common  aim  of  saving  the  ship  and  restoring 
it  to  service.  The  following  subsections  deal 
with  the  practical  methods  used  to  achieve  this 
aim:  controlling  fires,  controlling  flooding,  re- 
pairing structural  damage,  and  restoring  vital 
services. 

-  It  should  be  noted  that  controlling  the  effects 
of  nuclear,  biological,  and  chemical  warfare 
weapons  or  agents  may  in  some  situations  take 
precedence  over  other  damage  control  mea- 
sures. Because  of  the  complex  nature  of  NBC 
defense,  this  subject  is  treated  separately  in  a 
later  section  of  this  chapter. 
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CONTROL  OF  FIRES 


Fire  is  a  constant  potential  hazard  aboard 
ship.  All  possible  measures  must  be  taken  to 
prevent  its  occurrence  or  to  bring  about  its 
rapid  control  and  extinguishment,  bimanycases, 
fire  occurs  in  conjunction  with  other  damage, 
as  a  result  of  eneniy  action,  weather,  or  acci- 
dent. Unless  fire  is  rapidly  and  effectively  ex- 
tinguished, it  may  cause  more  damage  thsm  the 
initial  casualty  and  it  may,  in  fact,  cause  the 
loss  of  a  ship  even  after  other  damage  has  been 
repaired  or  minimized. 

Fires  are  classified  according  to  the  nature 
of  the  combustible  material.  Class  A  fires  are 
those  which  involve  ordinary  combustible  mate- 
rial such  as  wood,  paper,  mattresses,  canvas, 
etc.  Class  B  fires  are  those  which  involve  the 
burning  of  oils,  greases,  gasoline,  and  similar 
materials.  Class  C  fires  are  those  which  occur 
in  electrical  equipment.  Class  D  firesarethose 
which  involve  certain  metals  such  as  magne- 
sium, potassium,  powdered  aluminum  zinc, 
sodium,  titanium,  zirconium  and  others. 

Class  A  fires  are  extinguished  by  the  use 
of  water.  Class  B  fires  are  extinguished  chiefly 
by  smothering  with  foam,  fog,  steam,  or  purple 
K  powder  dry  chemical  agent  (as  appropriate 
for  the  particular  fire).  Class  C  fires  are 
preferably  extinguished  by  the  use  of  carbon 
dioxide.  Because  of  the  danger  of  electric  shock, 
a  solid  stream  of  water  must  never  be  used 
to  extinguish  a  class  C  fire.  Class  D  fires  are 
presently  extinguished  by  using  large  amounts 
of  water.  Personnel  safety  is  of  prime  concern 
when  fighting  this  class  fire;  toxic  gasses, 
possible  hydrogen  explosions,  splattering  of 
molten  metal,  and  intense  heat  are  prime  charr 
acteristics  of  this  type  of  fire.  Presently, 
intensive  research  is  being  conducted  on  better 
methods  of  attack  and  more  suitable  extinguish- 
ing agents. 

The  organization  of  a  firefightlng  party  de- 
pends on  the  number  of  men  available.  Figure 
4-1  shows  the  iMisic  organization  of  a  small 
firefightlng  party,  and  figure  4-2  shows  the 
basic  organization  of  a  large  firefightlng  party. 
At  times  it  is  necessary  for  one  person  to  per- 
form more  than  one  of  the  indicated  duties,  and 
this  fact  is  taken  into  consfcleration  in  organiz- 
ing firefightlng  parties. 

One  man  in  the  firefightlng  party  must  be 
designated  as  the  jsroup  or  scene  leader  (^vesti- 
gator).  His  first  chity  istogettothe  fire  Quickly; 
he  investigates  the  situation,  determines  the 
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Figure  4-1.— Organization  of  small  firefightlng 
party. 

nature  of  the  fire,  decides  what  type  of  equip- 
ment should  be  used,  and  informs  damage  con- 
trol central.  Later  devekqpments  may  require 
the  use  of  different  or  additional  equipment; 
but  the  scene  leader  must  decide  what  to  use 
first. 

The  number  of  hosemen  assigned  to  a  fire- 
fighting  party  varies  in  accordance  with,  the 
number  of  men  available  and  the  size  of  the 
firehose.  At  least  three  men  are  required  for 
a  1  1/2-inch  hose,  and  four  or  five  men  are 
required  for  a  2  1/2-inch  hose.  The  hosemen 
lead  out  the  hose,  remove  kinks  and  sharp  bends, 
and  stand  by  the  nozzles.  Nozzlemen  should 
wear  oxygen  breathing  apparatus  (OBA)  while 
fighting  fires. 

The  plugman  stands  by  to  operate  the  fire- 
plug valve,  when  so  ordered.  He  rigs  and  stands 
by  Jumper  lines,  assists  on  the  hose  lines,  and 
clears  the  fireplug  strainer  when  necessary. 

The  access  men  cqpen  doors,  hatches, 
scuttles,  and  other  openings  and  clear  routes 
as  necessary  to  gain  access  to  the  fire.  These 
men  carry  equipment  to  cqpen  Jammed  fittings 
and  locked  doors.  Once  they  have  gained  access 
to  the  fire,  they  make  a  detailed  investigation 
of  the  fire  area. 

The  foa^  supply  man  sets  up  the  foam  equip- 
nient  for  operation  and  operates  it  as  required. 
He  obtains  spare  foam  cans  ftom  racks  and 
prepares  them  for  use. 

The  electrical  kit  man  (or  electrician)  de- 
energizes  all  electrical  equipment  in  the  fire 
area,  both  to,  protect  personnel  and  to  prevent 
esqplosions  or  flashbacks.  When  necessary,  he 
rigs  power  cables  for  portable  tools,  lights,  and 
blowers. 
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SCENE  LEADER 
(INVESTICATOR) 


TALKER 


I   ATTACKING  | 

NOZZLEMAN 

HOSEMEN 
INVESTICATORS 

PLU6MAN 

FOAM  LIQUID 
CO,  MEN 

ACCESS  MEN 


MESSENGER 


PIREPICHTINC 
PARTY 


SUPPORTING 


ELECTRIQAN 
AND  KIT 


HOSPITAL 
CORPSMAN 
ANO  KIT 

POAM  EQUIPMENT 
OPERATORS 


HOSEMEN 


OX  Y  ACETYLENE 
CUTTING  OUTFIT 


PUMPING  EQUIPMENT 


AtUMINIZED  PIRE  PROXIMITY  SUIT 
(OR  ASBESTOS  SUIT)  MEN 


VENTILATION  LIGHTING 
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I    STANDBY  I 

NOZZLEMAN 
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INVESTIGATORS 
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FOAM  LIQUID 
ODj  MEN 

CLOSURE  DETAIL 


DEWATERING  EQUIPMENT 


Figure  4- 2  .—Organization  of  large  flreflghtlng  party. 
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The  CO2  dry  powder  supply  men  take  extin-^ 
guishers  to  the  fire  and  operate  them  as  neces- 
sary. 

The  OBA  men  have  their  gear  on  and  ready 
for  Immediate  use  throughout  the  flreflghtlng 
operation.  OBA  tenders  are  In  charge  of  tendbig 
llnes^  when  used,  and  keeping  spare  canisters 
readily  available.  The  OBA  men  assist  In  making 
the  investigation  In  situations  where  oxygen 
breathing  apparatus  Is  necessary  for  entry. 
The  OBA  men  also  work  with  hoses  and  per- 
form other  duties  In  spaces  containing  toxic 
gases. 

The  closure  detail  secures  all  doorSi  hatches, 
and  openings  around  the  fire  area  to  isolate 
the  fire  area.  This  groiq>  secures  all  ventl&- 
tlon  closures  and  fths  in  the  area  of  smoke  and 
heat,  establishes  secondary  fire  boundaries  by 


cooling  down  nearby  areas,  and  assists  infight- 
ing the  fire  as  necessary. 

Hospital  Corpsmen  render  first  aid  to  the 
injured.  The  JZ  talker  establishes  and  main- 
tains communications  with  damage  control  cen- 
tral, either  directly  or  through  the  local  repair 
party. 

Since  no  two  fires  are  exactly  alike,  the 
deployment  of  men  and  equipment  is  not  always 
the  same.  In  most  situations,  however,  the  fol- 
lowing  general  rules  are  observed: 

1.  The.  attacking  party,  which  is  the  first 
line  of  defense,  must  liave  a  sufficient  number 
of  men.  The  attacking  party  makes  the  Initial 
investigation  and  moves  in  to  c(mtain  the  fire. 

2.  The  supporting  party  should  not  have  any 
more  men  than  are  actually  required  to  |>ring 
up  auxiliary  equipment,  assist  with  foam  and 
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CO2  supply,  and  fight  the  fire.  Men  at  the  fire 
who  are  not  actually  engaged  In  fighting  the 
fire  should  be  sent  to  the  standby  party.  The 
standby  party  makes  the  closures  necessary  to 
Isolate  the  fire  area,  cools  the  surrounding 
areas,  supplies  foam  and  CO21  and  assists  In 
fighting  the  fire  when  necessary. 

3.  The  flreflghting  party  must  be  quiet  and 
orderly.  There  should  be  only  two  men  talking 
at  a  fire:  the  leader  of  the  flreflghting  party 
and  the  messenger  or  phone  talker. 

4.  All  orders  Issued  at  the  scene  must  be 
clear y  concise,  and  accurate. 

5.  All  reports  to  damage  control  central 
must  be  clear,  concise,  and  accurate. 

6.  All  possible  safety  precautions  must  be 
observed. 

7.  Precautions  must  be  taken  to  see  that  the 
fire  does  not  spread.  Fire  boundaries  must  be 
established,  and  men  must  be  stationed  in  ad- 
jacent compartments  to  see  that  the  fire  does 
not  spread.  Even  distant  compartments  may 
require  checking,  since  fire  can  spread  a  great 
distance  through  ventilation  ducts. 

Figures  4-3  and  4-4  show  members  of  a 
shipboard  flreflghting  party  In  action. 

CONTROL  OF  FLOODING 

Flooding!  may  occur  from  a  number  of  dif- 
ferent causes.  Underwater  or  waterllne  damage, 
ruptured  water  piping,  the  use  of  large  quanti- 
ties of  water  for  flreflghting  or  counterfloodlng, 
and  the  Improper  maintenance  of  boundaries 
are  all  possible  causes  of  flooding  aboard  ship. 
It  should  be  noted  that  ballasting  fuel  oil  tanks 
with  sea  water  after  the  oil  has  been  removed 
Is  not  considered  a  form  of  flooding;  ballasting 
merely  consists  of  replacing  one  liquid  with 
another  in  order  to  maintain  the  ship  in  a  con- 
dition of  maximum  resistance  to  damage. 

If  a  ship  suffers  such  extensive  damage  that 
it  never'^  stops  listing,  triniming,  and  settling 
in  the  wa.ter,  the  chances  are  tliat  it  will  go 
down  within  a  very  few  minutes.  It,  on  the  other 
hand,  a  sh^  stops  listing,  trimming,  and  settling 
shortly  after  the  damage  occurs,  it  is  not  likely 
to  sink  at  all  unless  progressive  flooding  is 
allowed  to  occur.  Thus  there  is  an  excellent 
chance  of  saving  lany  ship  that  does  not  sink 
immediately.  There  is  no  case  on  record  of  a 


^The  ^effects  of  various  types  of  flooding  on  stability 
are  discussed  in  chi^iter  3  of  this  text. 


ship  sinking  suddenly  after  it  has  stopped  list- 
ing, trimming,  and  settling,  except  in  cases 
where  progressive  flooding  occurred. 

The  control  of  flooding  requires  that  the 
amount  of  water  entering  the  hull  be  restricted 
or  entirely  stopped.  The  removal  of  flooding 
water  cannot  be  accomplished  until  flooding 
boundaries  have  been  established.  Pump  capa- 
city should  never  be  wasted  on  compartments 
which  cannot  be  quickly  and  effectively  made 
tight.  Tt  a  compartment  fills  rapidly,  it  is  a 
sign  that  pumping  capacity  will  be  wasted  imtil 
the  openbigs  have  been  plugged  or  patched.  The 
futility  of  merely  circulating  sea  water  should 
be  obvious. 

Once  flooding  boundaries  have  been  estab- 
lished, the  removal  of  the  flooding  water  should 
be  undertaken  on  a  systematic  basis.  Loose 
water— that  is,  water  with  free  surface— and 
water  that  is  located  high  in  the  ship  should  be 
removed  first.  Compartments  which  are  solidly 
fkXKled  and  which  are  low  in  the  ship  are  gen- 
erally dewatered  last,  unless  the  flooding  is 
sufficiently  off-center  to  cause  a  serious  list. 
Compartments  must  always  be  dewatered  in  a 
sequence  that  will  contribute  to  the  overall 
stability  of  the  ship.  For  example,  a  ship  could 
be.  csqpsized  if  low,  solidly  flooded  compart- 
ments were  dewatered  while  water  still  remained 
in  high,  partially  flooded  compartments. 

In  order  to  know  which  compartments  should 
be  dewatered  first,  it  is  necessary  to  know  the 
effect  of  flooding  on  all  ship's  compartments. 
This  information  is  given  hi  the  flooding  effect 
diagram  in  the  ship's  Damage  Control  Book. 
The  flooding  effect  diagram  oxislsts  of  a  series 
of  plan  views  of  the  ship  at  various  levels, 
showing  all  watertight,  oiltig^t,  airtight,  fume- 
tight,  andfire- retarding  sUbdiviiBlons.  Compart- 
ments on  the  flooding  effectdiagram  are  colored 
in  the  following  way: 

1.  It  flooding  the  compartment  results  in  a 
decrease  in  stability  because  of  high  jveight, 
free  surface  effect,  or  both,  the  compartment 
is  colored  pink. 

2.  U  flooding  the  compartment  improves 
stability  even  ttiough  free  surface  exists,  the 
compartment  is  colored  green. 

3.  Jt  flooding  the  compartment  improves 
stability  when  the  compartment  is  solidly  flooded 
but  impairs  stability  when  a  free  surface  exists, 
the  compartment  is  colored  yellow. 

4.  It  flooding  the  compartment  has  no  very 
definite  effect  on  stability,  the  compartment  is 
left  uncolored. 
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Figure  4-3.— Members  of  flreflghtlng  party  cooling  hatch. 


8.120 


The  flooding  effect  diagram  also  shows  the 
weight  of  salt  water  (In  tons)  required  to  fill 
the  compartment;  this  Is  Indicated  by  a  numeral 
5n  the  upper  left*hand  corner.  In  addition,  the 
transverse  moment  of  the  weight  (In  foot-tons) 
about  the  center  line  of  the  ship  Is  Indlj^ated  for 
all  compartments  which  are  not  syinmetrlcal 
about  the  centerline. 


Facilities  for  dewatering  compartments  con- 
sist of  the  fixed  drainage  systems  of  the  ship 
and  portable  equipment  such  as  electric  sub- 
mersible pumps,  P-500  pumps,  P-250  pumps, 
and  eductors.  On  a  large  combat  ship,  the 
fixed  drainage  systems  have  a  total  pumping 
capacity  of  about  12,200  gallons  per  minute— 
less,  it  might  be  noted,  than  the  amount  iof 
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Figure  4-^.— Members  of  firefighting  party  cooling 
entrance  to  compartment. 


8.122 


water  admitted  by  a  hole  1  square  foot  in  size 
in  an  area  located  15  feet  below  the  waterline. 

Portable  submersible  pumps  used  aboard 
naval  ships  are  centrifugal  pumps  driven  by  a 
water-jacketed,  constant-speed  a-c  or  d-c 
motor.  When  a  submersible  pump  is  being  used 
to  dewater  a  compartment,  the  pump  is  lowered 
into  the  water  and  a  discharge  hose  is  led  to  the 
nearest  point  of  discharge.  Since  the  delivery 
of  the  pump  increases  as  the  discharge  head 
decreases,   dewaterlng  can  be  accomplished 


faster  if  the  water  is  discharged  at  the  lowest 
practicable  point  and  if  the  discharge  hose  is 
short  and  free  from  Idnks.  When  itisnecessary 
to  dewater  against  a  high  discharge  head^  two 
submersible  pumps  can  be  used  in  tandem,  as 
shown  in  figure  4-5.  The  pump  at  the  lower 
level  lifts  water  to  the  suction  side  of  the  pump 
at  the  higher  level. 

The  P-500  portable  pump,  originally  devel- 
oped for  firefighthig,  is  also  used  for  dewater  hig 
flooded  spaces.  This  pump  is  of  the  centrifugal 
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Figure  4-5.*- Tandem  connections  for 
submersible  pumps. 

type;  It  Is  driven  by  a  water-cooled  gasoline 
engine  of  special  design.  The  pump  delivers 
500  gallons  per  minute  at  100  pounds  per  square 
Inch  pressure^  with  a  suction  lift  of  16  feet. 
The  capacity  may  be  Increased  by  decreasing 
the  dlsctiarge  pressure. 

The  P-250  pump,  which  is  similar  to  the 
P-500  pump  except  for  capacity,  is  scheduled 
to  replace  the  P-500  pump  aboard  ship.  AP-25b 
pump  is  shown  in  figure  4-6. 

b  order  to  estimate  the  number  of  pumps 
required  to  handle  a  flooding  situation,  it  is 
necessary  to.  consider  the  amount  and  location 
of  the  water  to  be  removed,  the  capacity  and 
availability  of  the  installed  drainage  systems, 
and  the  capacity  of  the  available  port^le  pumps. 
It  is  also  necessary  to  know  whether  the  leaks 
are  completely  plugged,  partially  plugged,  or 
not  plugged  at  all-in  short,  it  is  necessary  to 


know  how  much  water  is  coming  in  while  water 
is  being  pumped  out. 

REPAIR  OF  STRUCTURAL  DAMAGE 

The  kinds  of  damage  that  may  have  to  be 
repaired  while  a  ship  is  still  in  the  battle  area 
Include  holes  above  and  below  the  waterllne; 
cracks  in  steel  plating;  punctured,  weakened, 
or  distorted  bulkheads;  warped  or  sprung  doors 
and  hatches;  weakened  or  ruptured  beams,  sup- 
ports, and  other  strength  members;  ruptured  or 
weakened  decks;  ruptured  or  cracked  piping; 
severed  electrical  cables;  broken  or  distorted 
foundations  under  machinery;  broken  or  pierced 
machinery  units;  and  a  wide  variety  of  miscel- 
laneous wreckage  that  may  Interfere  with  the 
functioning  of  the  ship. 

One  of  the  most  important  things  to  remem- 
ber in  connection  with  the  repair  of  structural 
damage  is  that  a  ship  can  sink  Just  as  easily 
from  a  series  of  insignificant-looking  small 
holes  as  it  can  from  one  larger  and  more 
dramatic-looking  hole.  A  natural  enough  tend- 
ency—and one  which  can  lead  to  the  sinking 
of  a  ship— is  to  attack  the  large,  obvious  damage 
first  and  to  overlook  the  smaller  holes  through 
Interior  bulkheads.  Men  sometimes  waste  hours 
trying  to  patch  large  holes  in  already  flooded 
compartments,  disregarding  the  smaller  holes 
through  which  progressive  flooding  is  gradually 
taking  place.  In  many  situations,  it  would  be 
better  to  concentrate  on  the  smaller  Interior 
holes;  as  a  rule,  the  really  large  holes  in  the 
imderwater  hull  cannot  be  repaired  anywayimtil 
the  ship  is  drydocked. 

Holes  in  the  hull  at  or  just  above  the  water- 
line  should  be  given  immediate  attention.  Al- 
though holes  in  this  location  may  appear  to  be 
relatively  harmless,  they  are  actually  extremely 
hazardous.  As  the  ship  rolls  or  loses  buoyancy, 
the  holes  become  submerged  and  admit  water 
at  a  level  that  is  dangerously  high  above  the 
ship's  center  of  gravity. 

The  methods  and  materials  used  to  repair 
lioles  above  the  waterline  are  also  used,  for 
the  most  part,  for  the  repair  of  underwater 
holes.  The  greatest  difficulty  encountered  In 
repairing  underwater  damage  is  usually  the 
inaccelssibility  of  the  damage.  If  an  inboard 
conqpartment  is  flooded,  opening  doors  or 
^.  hatches  to  get  to  the  damage  would  result  in 
further  flooding  of  other  compartments,  bsuch 
a  case,  it  is  usually  necessary  to  send  a  man 
wearing  a  shallow- water  diving  apparatus  down 
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Figure  4-6.--P-250  portable  pump. 


Into  the  compartment.  His  repair  work  is  likely 
to  be  hampered  by  tangled  wreckage  in  the  water, 
by  the  absence  of  light  to  work  by,  and  by  the 
difficulties  of  trying  to  keep  buoyant  repair 
materials  submerged. 

Shoring  is  often  used  aboard  ship  to  support 
ruptured  decks,  to  strengthen  weakened  bulk- 
heads and  decks,  to  build  up  temporary  decks 
and  bulkheads  against  the  sea,  to  support  hatches 
and  doors,  and  to  provide  support  for  equip- 
ment M^ich  has  broken  loosdC  * 

The  basic  materials  required  for  shoring 
are  shores,  wedges,  sholes,  and  strongbacks. 
A  shore  is  a  portable  beam.  A  wedge  is  a  block. 


triangular  on  the  sides  and  rectangidar  on  the 
butt  end.  A  shole  is  a  flat  block  y^ich  may  be 
placed  under  the  end  of  a  shore  for  the  purpose 
of  distributing  the  pressure.  A  strongback  is  a 
piece  used  to  distribute  pressure  or  to  serve 
as  an  anchor  for  a  patch. 

When  to  shore  is  a  problem  that  cannot  be 
solved  by  the  application  of  any  one  set  of  rules. 
Sometimes  the  need  for  shoring  is  obvious,  as 
in  the  case  of  damaged  hatches;  but  sometimes 
dangei*ously  weakened  supports  under  guns  or 
machinery  may  not  be  so  readily  noticed.  Al- 
though shoring  is  sometimes  done  when  it  is 
not  really  necessary,  the  best  general  rule  to 
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follow  is  this:  in  case  of  doubt,  it  is  always 
better  to  shore  than  to  gamble  on  the  strength 
of  an  important  deck,  bulkhead,  hatch,  or  other 
member. 

Some  examples  of  shoring  are  illustrated  in 
figure  4-7. 


RESTORATION  OF 
VITAL  SERVICES 

Thus  far  we  have  considered  practical  dam- 
age control  operations  from  the  point  of  view  of 
combatting  fires,  getting  rid  of  flooding  water. 


THIS  IS  THE  SIMPLEST  AND 
STRONGEST  SHORING  STRUG 
TURE. 


THE  BASIC  STRUCTURE  IS 
REPEATED  AS  OFTEN  AS  NECESSARY. 


THE.USUAL  METHOD  OF  IN- 
STALLING  SHORES  IS  BY  A 
TRIANGULATION  SYSTEM. 


WHEN  OBSTRUCTIONS  PREVENT  USE 
OF  THE  TRIANGULATION  SYSTEM 
THIS  METHOD  MAY  BE  USED. 


THIS  IS  BAD 

iSTftONOBACK  Wn 

BULKHEAD  nm 

THIS  SHORE  IS  UNDER 
CROSS-AXIAL  PRESSURE 
AND  MAY  SNAP! 

 I'll"'' 

STROWGBACK 

..ml.  

BULKHEAD 

»l|ii|il|«' 


OBSTRUCTION 


ADDITIONAL  STRENGTH  IS  AFFORDED  BY  SHORES  B 
AND  g.  HORlZONTftC  SHORE  g  IS  SUPPORTED  BY  Q 
AND  A,  AND  IS  BRACED  AGAINST  A  UNIT  OF  MACH INERY  BY 
MEANS  OF  E. 


Figure  4- Examples  of  shoring. 
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repairing  structural  damage,  and  in  general 
restoring  the  ship  to  a  stable  and  seaworthy 
condition.  To  function  as  a  fighting  unit,  how- 
ever, a  ship  must  be  more  than  stable  and 
seaworthy-^it  must  also  be  able  to  move.  The 
restoration  of  vital  services  is  therefore  an 
integral'  part  of  damage  control,  even  though  it 
must  often  be  accomplished  after  fires  and 
flooding  have  been  controlled. 

The  restoration  of  vital  services  includes 
making  repairs  to  machinery  and  piping  systems 
and  reestablishing  a  source  of  electrical  power. 
The  casualty  power  system,  developed  as  a 
result  of  war  experience,  has  proved  to  be  one 
of  the  most  important  damage  control  devices. 
The  casualty  power  system  is  a  simple  elec- 
trical distribution  system  used  to  maintain  a 
source  of  electrical  supply  for  the  most  vital 
machinery.  R  is  used  to  supply  power  only  in 
emergencies.  The  casualty  power  system  is 
discussed  in  chapter  20  of  this  text. 

DEFENSE  AGAINST  NBC  ATTACK 

The  basic  guidelines  for  defensive  and  pro- 
tective actions  to  be  taken  in  the  event  of  nu- 
clear, biological,  or  chemical  (NBC)  attack  are 
set  forth  in  the  Nuclear,  Biological,  and  Chemi- 
cal Defense  Bill  contained  in  Shipboard  Proce- 
dures, NWP  50  (effective  editfcm).  Aboard  ship, 
the  engineer  oificer  is  responsible  for  main- 
taining this  bill  and  ensuring  that  it  is  current 
and  ready  for  immediate  execution. 

NBC  defense  measures  may  be  divided  into 
two  idiases:  (1)  preparatory  measures  taken  in 
anticipation  of  attadc,  and  (2)  active  measures 
taken  immediately  following  an  attack. 

Preparatory  measures  to  be  taken  before 
an  attack  include  the  following: 

1.  Thorough  indoctrination  and  training  of 
ship's  force. 

2.  Removal  of  material  that  may  constitute 
contamination  hazards. 

3.  Masking  of  personnel  maybeesqposed 
(and  of  other  perfifpnnel,  as  ordered). 

4.  Establishment  of  ship  closure,  including 
closing  of  CIRCLE  WILLIAM  fittings. 

.5.  Donning  of  protective  clothing  by  exposed 
personnel,  as  ordered. 

6.  Evasive  action  by  the  ship. 

7.  Activation  of  water  w^^hdown  systems. 
Active  measures  to  be  taken  immediately 

following  an  attack  include  the  following: 

1.  Evasive  and  self-protective  action  by 
personnel. 
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2.  Evacuation  and  remanning  of  exposed  sta- 
tions, as  ordered. 

3.  Decontamination  of  personnel. 

4.  Detection  and  prediction  of  contaminated 
areas. 

5.  Ventilation  of  contaminated  spaces,  as 
soon  as  the  ship  is  in  a  clean  atmosphere.  • 

It  is  obvious  that  NBC  defense  is  an  enor- 
mously complex  and  wide-ranging  subject,  and 
one  in  which  policies  and  procedures  are  sub- 
ject to  constant  change.  The  present  discussion  | 
is  limited  to  a  few  aspects  of  NBC  defense  that  ^ 
are  of  primary  practical  importance  aboard  ( 
ship.  More  detailed  information  on  all  aspects  i 
of  NBC  defense  may  be  obtained  from  chapters  ; 
9770  and  9900  of  the  Naval  Ships  Technical 
Manual  and  from  Disaster  Control  (Ashore  and  | 
Afloat),  NavPers  10899-B.  \ 


PROTECTIVE  CLOTHING 


There  are  three  types  of  clothing  that  are 
usef id  in  NBC  defense :  permeable,  impregnated,  j 
protective  clothing,  foul  weather  clothing,  and 
ordinary  work  clothing.  * 
Permeable  protective  clothing  is  supplied  to  ! 
ships  in  quantities  sufficient  to  outfit  25  percent  | 
or  more  of  the  ship's  compliment.  Permeable  | 
clothing  is  olive  green  in  color.  A  complete  ^ 
outfit  Includes  impregnated   socks,  gloves,  | 
trousers  with  attached  suspenders,  and  jumper  \ 
(parka)  with  attached  hood.  Permeable  clothing  j 
is  treated  with  a  chemical  agent  tliat  neutralizes  | 
chemical  agents;  a  chlorinated  paraffin  is  used  j 
as  a  bhider.  The  presence  of  these  chemicals 
gives  the  permeable  clothing  a  slight  odor  of  | 
chlorine  and  a  slightly  greasy  or  clammy  feel,  i 
It  is  believed  that  the  impregnation  treatment  \ 
should  remain  effective  from  5  to  10  years  (or 
possibly  longer)  if  the  clothing  is  stowed  in 
unopened  containers  in  a  dry  place  with  cool  or 
warm  temperatures  and  if  it  is  protected  from 
sunlight  or  daylight.  \ 
Permeable  protective  clothing  should  not  be  t 
worn  l(xiger  than  necessary,  especially  in  hot 
weather;  prolonged  wearing  may  cause  a  rash 
to  develop  where  the  skin  comes  in  contact  with 
the  impregnated  material. 

Foul  weather  clothing  of  stock  issue  serves 
to  protect  ordinary  clothing  and  the  sUn  against  ^ 
.  penetration  by  liquid  chemical  agents  and  radio- 
active particles.  It  also  reduces  the  amount  of 
vapor  that  penetrates  to  the  skin.  Foul  weather 
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clothing,  which  includes  a  parka,  trousers, 
rubber  boots,  and  gloves,  is  easUy  decontami- 
nated. 

Ordinary  work  clothing  (including  loi«  under- 
wear, field  socks,  coverall,  field  boots,  and 
watch  cap)  is  partiaUy  effective  in  preventing 
droplets  of  liquid  chemical  agents  and  vapors 
from  reaching  the  skin.  Kowever,  ordinary  work 
clothing  is  not  as  effective  as  the  other  types 
of  clothing  in  preventing  contamination.  Under 
some  conditions,  personnel  may  wear  two  layers 
of  ordinary  work  clothing  to  achieve  greater 
protection  than  can  be  obtained  with  one  layer. 

PROTECTIVE  MASKS 

The  protective  mask  is  a  very  hnportant 
item  of  protective  eqqipment,  since  it  protects 
such  vulnerable  areas  as  the  eyes,  the  face,  and 
the  respiratory  tract.  The  protective  mask  pro- 
vides protection  against  NBC  contamination  by 
fUterlng  the  air  before  it  is  Inhaled. 

In  general,  all  protective  masks  operate  on 
the  same  principles.  As  the  wearer  inhales,  air 
is  drawn  into  a  filtering  system.  This  system 
consists  pf  a  mechanical  filter  which  clears  the 
air  of  solid  or  liquid  particles  and  a  chemical 
filling  (usually  activated  charcoal)  which  absorbs 
or  neutralizes  toxic  and  irritating  vapors.  The 
purified  air  then  passes  to  the  region  of  the 
mask,  where  it  can  be  inhaled.  Exhaled  air  is 
expelled  from  the  mask  through  an  outlet  valve 
which  is  80  constructed  that  it  opens  only  to 
permit  esdialed  air  to  escape. 

Protective  masks  do  not  afford  protection 
against  anmionia  or  carbon  monoxide,  nor  are 
they  effective  in  confined  spaces  where  the 
oxygen  content  of  the  atmosphere  is  too  low 
(less  than  about  16  percent)  to  sustain  life. 
When  it  is  necessary  to  enter  spaces  where 
there  is  a  deficiency  of  oxygen,  the  Navyoxygen 
breathing  apparatus  (OBA)  is  used. 

DETECTION  OF  NBC  CONTAMINATION 

The  very  nature  of  NBC  contamination  makes 
detection  and  identification  difficult.  Nuclear 
radiation  o'^rnot  be  seen,  heard,  felt,  or  other- 
wise perceived  through  the  senses.  Biological 
agents  are  small  in  size  and  have  no  charac- 
teristic color  or  odor  to  help  in  identification. 
Although  some  chemical  agents  do  have  a  char- 
acteristic color  and  odor,  recently^  developed 
nerve  agents  are  usually  colorless  and  odorless. 


It  is  obvious,  then,  that  with  contamination 
which  cannot  be  seen,  smelled^  folt,  tasted,  or 
heard,  specialized  motnods  ct  detxllon  are 
required.  Mechanical,  chemical,  and  electronic 
devices  are  available  or  under  development  for 
the  detection  of  NBC  cantamination. 

Detection  of  Nuclear  Radiation 

The  instruments  used  for  u>tecting  radio- 
logical contamination  are  known  radiaf^s, 
the  name  being  an  ibbreviation  of  radiation. 
detection,  indication,  and  compulation.  Various 
types  of  radiacs  are  used  aboari  ship  and  at 
shore  stations,  since  nu  single  vype  of  radiac 
can  make  all  the  radiological  measurements 
that  may  be  required. 

The  radiacs  used,  aboard  f^hip  include  (1) 
intensity  meters  for  measuring^  gamma  radia- 
tion; (2)  intensity  meters  for  measuring  beta 
and  gamma  radiation;  (3)  survey  meters  for 
measuring  alpha  radiation;  and  (4)  dosimeters 
for  measuring  accumulated  doses  of  radiation 
received  by  individuals.  These  basic  types  of 
radiacs  are  described  briefly  here.  I^ecific 
information  on  operating  principles  and  detailed 
instructions  for  operating  the  instruments  may 
be  obtained  from  the  manufacturer's  technical 
manual  ftimished  with  each  instrument. 

GAMMA  METERS.— Intensity  meters  for 
measuring  gamma  radiation  include  both  port- 
able instruments  and  fixed  systems  installed 
aboard  ship.  The  intensf  ty  of  gamma  radiation 
is  measured  in  roentgens  per  hour  (r/hr)  or  in 
milliroentgens  per  hour  (mr/hiTrThe  roentgen 
is  a  unit  of  measurement  for  expressing  the 
amount  of  gamma  radiation  or  X-ray  radiation. 
A  miUiroentgen  is  l/lOOO  ofa  roentgen.  Radiacs 
used  for  measuring  large  amounts  of  gamma 
radiation  are  called  high-range  intensity  meters; 
these  instruments  are  usually  calibrated  in 
roentgens  per  hour.  Radiacs  designed  for  meas- 
uring smaller  amounts  of  gamma  radiation  are 
called  low-range  Intensity  meters;  they  are 
usually  calibrated  in  milliroentgens  per  hour. 
Both  high-range  and  low-range  instruments  are 
likely  to  have  several  scales;  a  range  selector 
switch  allows  selection  of  the  appropriate  scale 
for  each  monitoring  survey. 

BETA  AND  GAMMA  METERS. -Intensity 
meters  which  measure  gamma  radiationand  also 
detect  or  measure  beta  radiation  are  usually  of 
the  Geiger-Mueller  type.  These  instruments  can 
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measure  gamma  radiation  alone  or  they  can 
measure  combined  gamma  radiation  and  beta 
radiation;  an  indirect  measure  of  beta  radiation 
can  be  obtained  by  subtracting  the  gamma  radia- 
tion from  the  gamma-beta  radiation* 

ALPHA  SURVEY  METERS«-Meters  for 
measuring  alpha  radiation  are  usually  calibrated 
to  give  a  meter  reading  in  counts  per  minute 
(c/m,  or  cpm).  However,  some  alpha  survey 
meters  give  a  reading  in  a  unit  called  disinte- 
grations per  minute  (d/m).  The  two  units  are 
not  the  same  numerically* 

DOSIMETERS*— There  are  two  basic  types 
of  dosimeters*  Self-reading  dosimeters  can  be 
read  by  the  person  wearing  the  inst rumen t. 
Nonself- reading  dosimeters  cannot  be  read 
directly  by  the  wearer  but  must  be  read  with  the 
aid  of  special  instruments*  Some  dosimeters 
are  calibrated  in  roentgens,  others  in  miUi- 
roentgens.  Both  self-reading  and  nonself-read- 
ing  dosimeters  measure  exposure  to  radiation 
over  a  period  of  time— in  other  words,  they 
measure  accumulated  radiation  exposure* 

Self- reading  dosimeters  are  provided  in 
various  ranges  for  useby  personnel  aboard  ship* 
Some  of  these  self- reading  dosimeters  indicate 
accumulated  gamma  radiation  from  0  to  200  mr; 
others  indicate  doses  from  0  to  100  r;  others 
from  0  to  200  r;  and  still  others  from  0  to  600  r* 
The  dosimeter  selected  for  any  particular  use 
will  depend  on  the  radiological  situation  existing 
at  the  time*  Self-reading  dosimeters  must  be 
charged  before  they  are  used.  A  special  charging 
unit  is  furnished  for  shipboard  use* 

Higb-*range  nonself-reading  dosimeters  of 
the  DT-60/PD  type  are  furnished  for  use  aboard 
ship*  A  dosimeter  of  this  type  consists  of  a 
special  phosphor  glass  between  lead  filters, 
encased  in  a  bakelite  housing*  .  The  dosimeter, 
which  is  smrll,  lightweight,  and  rugged,  is  worn 
on  a  ctiain  a:ound  the  neck*  This  dosimeter  will 
measure  accumulated  doses  of  gamma  radiation 
from  25  r  to  600  r*  A  special  instrument,  the 
CP-95/PD  computer-indicator,  is  required  to 
read  the  DT-60/PD  dpshneter* 

Film  badge*  dosimeters  are  nonself-reading 
devices  for  measuring  both  gamma  radiation 
and  beta  radiation  in  low  or  moderate  ranges* 
A  film  badge  uses  a  special  photographic  film 
which  is  surrounded  with  ni0sture -proof  and 
light-proof  paper  and  shielded  with  lead,  cad- 
mium, plastic,  or  other  shielding  material*  By 
the  use  of  different  shielding  materials,  the  badge 


can  be  made  to  differentiate  between  gamma 
radiation  and  beta  radiation*  Laboratory  tech- 
niques are  required  for  the  development  and 
reading  of  the  film* 

Detection  of  Biological  Agents 

Basically,  there  are  two  possible  approaches 
to  the  problem  of  detecting  biological  agents* 
Physical  detection  is  based  on  the  measurement 
of  particles  within  a  specified  size  range  (and 
possibly  the  simultaneous  measurement  of  other 
physical  properties  of  the  particles)*  Research 
is  currently  being  done  with  a  view  to  develop- 
ing effective  methods  of  physical  detection* 
Biological  detection  involves  growing  the  or- 
ganisms, examining  them  under  a  microscope, 
and  subjecting  them  to  a  variety  of  biochemical 
and  biological  tests*  Although  positive  identifi- 
cation can  frequently  be  made,  by  biological 
detection  methods,  the  procedure  is  difficult, 
exacting,  and  relatively  slow*  By  the  time  a 
biological  agent  has  been  detected  and  identified 
in  this  fashion,  personnel  may  well  be  showing 
symptoms  of  illness* 

Biological  detection  may  be  divided  into  two 
phases:  the  sampling  phase  and  the  laboratory 
phase*  The  sampling  phase  may  be  a  joint  re- 
sponsibility of  damage  control  personnel  and  of 
the  medical  department*  The  laboratory  phase 
is  obviously  a  medical  department  responsibil- 
ity. 

Detection  of  Chemical  Agents 

Various  detection  devices  have  been  devel- 
oped for  the  detection  and  identification  of 
chemical  agents*  Most  of  these  devices  indicate 
the  presence  of  chemical  agents  by  color  changes 
which  are  chemically  produced*  To  date,  no 
single  detector  has  been  developed  which  is 
effective  under  all  conditions  for  all  chemical 
agents*  A  number  of  devices,  including  air 
sampling  kits,  papers,  crayons,  silica  gel  tubes, 
and  indicator  solutions,  are  in  naval  use*  Some 
of  these  devices  are  also  useful  in  establishing 
the  completeness  of  decontamination  and  in  es- 
timating the  hazards  of  operating  in  ccxitami- 
nated  areas* 

MONITORING  AND  SURVEYING 

The  monitoring  and  surveying  of  any  area 
contaminated  with  NBC  contamination  is  a  vital 
part  of  NBC  defense*  In  general,  monitoring 
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and  surveying  are  done  for  the  purposes  of  monitoring  operations  must  be  given  adequate 
locating  the  hazards,  isolating  the  contaminated  instruction  and  training  in  the  use  of  the  avail- 
areas,  recording  the  results  of  the  survey,  and  able  radiacs. 

reporting  the  findings  through  the  appropriate  2.  Standard  measuring  techniques  must  be 

chain  of  command.  used.  A  measurement  of  radiation  is  meaning- 

Specifically,  the  purpose  of  a  radiological  less  unless  the  distance  between  the  source  of 

monitoring  survey  is  to  determine  the  location,  radiation  and  the  point  of  measurement  isknown. 

type,  and  intensity  of  radiological  contamination.  For  example,  a  radiac  held  2  feet  away  from  a 

The  type  of  monitoring  survey  made  at  any  source  of  radiation  will  indicate  only  one-fourth 

given  time  depends  on  the  radiol6gical  situation  as  much  radiation  as  the  same  instrument 

and  on  the  tactical  situation.  Gross  or  rapid  would  indicate  if  it  were  held  1  foot  away  from 

surveys  are  made  as  soon  as  possible  after  a  the  same  source.  A  radiac  held  3  feet  from  the 

nuclear  weapon  has  been  e^qploded,  to  get  a  source  will  indicate  only  one-ninth  as  much 

general  idea  of  the  extent  of  contamination..  radiation  as  when'  it  is  held  1  foot  from  the 

Detailed  surveys  are  made  later,  to  obtain  a  source.  As  maybe  seen,  therefore,  the  distance 

more  complete  picture  of  the  radiological  situ-  between  the  source  of  radiation  and  the  radiac 

^tion.  must  be^^known  before  the  radiac  reading  can 

Aboard  ship,  two  main  types  of  radiological  have  any  significance, 
surveys  would  be  required  after  a  nuclear  3.  All  necessary  information  must  be  re- 
attack.  Ship  surveys  (first  gross,  then  detailed)  corded  and  reported.  The  information  obtained 
include  surveys  of  all  weather  decks,  interior  by  monitoring  pai:ties  is  forwarded  to  damage 
spaces,  machinery,  circulating  systems,  equip-  control  central,  where  the  measurements  are 
ment,  and  so  forth.  Personnel  safety  surveys  .  plotted  according  to  location  and  time.  In  order 
(usually  detailed)  are  concerned  with  protecting  to  develop  an  accurate  overall  picture  of  the 
personnel  from  skin  contamination  and  internal  radiological  condition  of  the  ship,  damage  con- 
contaminaticm.  Personnel  safety  surveys  in-  trol  central  must  have  precise  and  complete 
elude  the  monitoring  of  skin,  clothing,  food,  and  information  from  all  monitoring  parties.  Each 
water,  and  the  measurement  of  concentrations  of  ^  monitoring  party  must  record  and  report  the 
radioactive  material  in  the  air  (aerosols).  Botli  «  r  object  or  area  monitored,,  the  ^location  of  the 
ship  surveys  and  personnel  safety  surveys  are  object  or  area  in  relation  to  some  fixed  point, 
made  aboard  ship  by  members  of  the  damage  the  intei^sity  and  type  of  radiation,  the  distance 
cont^r  organization.  The  medical  department  between  the  radiac  and  the  source  of  radiation, 
ihakes  clinical  tests,  maintains  dosage  records,  the  time  and  date  of  the  measurements,  the  name 
and  makes  specific  recommendations  concern-  of  the  man  in  charge  of  the  monitoring  party 
Ing  the  monitoring  of  food,  water,  air,  etc.;  but  (or  other  identification  of  the  party),  and  the 
the  actual  surveys  are  made  by  damage  control  type  and  serial  number  of  the  instrument  used, 
personnel  of  the  engineering  department. 

Detailed  instructions  for  making  monitoring  CONTAMINATION  MARKERS 
surveys  cannot  be  specified  for  all  situations, 

sinqe  a  great  many  factors  (type  ship,  distance  A  standard  system  for  marking  areas  con- 
from  blast,  extent  of  damage,  tactical  situa-  taminated'  by  nuclear,  biological,  or  chemical 
tion^.  etc.)  must  necessarily  be  considered  be-  contamination  has  been  adopted  by  nations  in- 
fore  monitoring  procedures  can  be  decided  ^on.  eluded  in  the  North  Atlantic  Treaty  Organiza- 
However,  certain  basic  guidelines  that  apply  to  tion.  These  standard  survey  markers  are  illus- 
monitbring  situations  may  b^  trated  in  figure  4r8. 

:   1 .  Monitors  mtist  be  thoroughly  trained  be-     .  NBC  DECONTAMINATION 
f pre  the  need  for  mbn^^ 

operate  radiacs  take  The  baisid;  pun>b8e  of  decontamination  is  to 

ai9,  for  exampte^^^^  minimize  NBC  contamination  through  removal 

a  block  of  wood  to  represent^a^^  or  neutralization  so  that  the  mission  of  the  ship 
a  man  something  aboutt^^  '  or  activity  can  be  carrie^out  without  endanger- 
made  by  a  monitorih                     v^l  m)t>  -  i^^^     life  or  health  of  assigned  personnel  The 

prepai:e  him  for  aq  decontamination  is  to 

AU  personnel  wild:  m^      required  to  pe^^^^  contamij^tion  and  shield  personnel  who 
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are  required  to  work  in  contaminated  areas. 
The  purpose  of  biological  decontamination  is  to 
destroy  the  biological  agents.  The  purpose  of 
chemical  decontamination  is  to  remove  or  neu- 
tralize the  chemical  agents  so  that  they  will  no 
longer  be  a  hazard  to  personnel. 

Decontamination  operations  may  be  both  dif- 
ficult and  dangerous,  and  personnel  engaged  in 
these  operations  must  be  thoroughly  trained  in 
the  proper  techniques.  Certain  qperations,  such 
as  the  decontamination  of  food  and  water,  should 
be  done  only  by  experts  qualified  in  sifch  work. 
However,  all  members  of  a  ship's  company 
should  receive  adequate  training  in  the  elemen- 
tary principles  of  decontamination  so  that  they 
can  perform  emergency  decontamination  oper- 
ations. 

After  an  attack,  data  from  NBC  surveys  will 
be  used  to  determine  the  extent  and  degree  of 
contamination.  Contaminated  personnel  must  be 
decontaminated  as  soon  as  possible.  Before 
decontamination  of  installations,  machinery,  and 
gear  is  undertaken,  appraisals  of  urgency  must 
be  made  in  light  of  the  tactical  situation. 

Radiological  Decontamination 

Radiological  decontamination  neither  neu- 
tralizes nor  destroys  the  contamination;  instead, 
it  merely  removes  the  contamination  from  one 
particular  area  and  transfers  it  to  an  area  in 
which  it  presents  less  of  a  hazard.  At  sea, 
radioactive  waste  is  disposed  of  directly  over 
the  side.  At  shore  installations,  the  problem  is 
more  difficult. 

Several  methods  of  radiological  decontami- 
nation have  been  developed;  they  differ  in  effecr 
tiveness  in  removing  contamination,  in  appli- 
cability to  g^ven  surfaces,  and  in  the  speed  with 
which  they  may  be  applied.  Some  methods  are 
particularly  suited  for  rapid  gross  decontami- 
nation; others  are  better  suited  for  detailed 
decontamination. 

GROSS  pEC0NTAMINATION;*-The  purpose 
of  gross  deccmtaihinaticm  is  to  reduce  the  radia- 
tion intensity  as  quickly  as  possible  to  a  safe 
level--or  at  least  to  a  level  ^hich  willbe  safe 
for  a  limited  period  of  time .  ito  gross  decern-" 
taniination;  speed  is  the  major  consideration. 
4  Flushinig  with  wate  p  ref^rably  ^i^e  r '  under 
high  pressure,  is  the  inost  practicable  way  of 
accomplishing^  gross  decontamination.  Abcuird 
ship^  a  wa^r  wash(to^ 
down  all  the  ship's  surfaces,  from  high  to  low 


and  from  bow  to  stem.  The  washdown  system 
consists  of  piping  and  a  ser'es  of  nozzles  which 
are  specially  designed  to  throw  a  large  spray 
pattern  on  weather  decks  and  other  surfaces. 
The  washdown  system  is  particularly  effective 
if  it  is  activated  before  the  ship  is  exposed  to 
contamination;  a  film  of  water  covering  the 
ship's  surfaces  keeps  the  contaminating  mate- 
rial from  sticking  to  the  surfaces.  Figure  4-9 
shows  a  water  washdown  system  in  operation. 

Manual  methods  may  be  used  to  accomplish 
gross  decontamination,  but  they  are  slower  and 
less  effective  than  the  ship's  washdown  system. 
Manual  methods  that  may  be  used  by  ship's 
force  include  (1)  flrehosing  the  surfaces  with 
salt  water,  and  (2)  scrubbing  the  surfaces  with 
detergent,  firehosing  the  surfaces,  and  flushing 
the  contaminating  material  over  the  side.  Figure 
4-10  shows  men  performing  gross  decontami- 
nation operations  by  manual  scrubbing. 

Steam  is  also  a  useful  agent  for  gross  de- 
contamination, particularly  where  it  is  neces- 
sary .to  remove  greasy  or  oily  films.  Steam 
decontaminatim  is  usually  followed  by  hosing 
with  hot  water  and  detergents. 

9  DETAILED  DECONTAMIKATION.-As  time 
and  facilities  permit,  detailed  decontaminatim 
is  carried  out.  The  main  purpose  of  detailed 
decontamination  is  to  reduce  the  contamination 
to  such  an  extent  that  only  a  minimum  of 
radiological  hazard  to  personnel  would  persist. 

Three  basic  methods  of  detailed  decontami- 
nation may  be  used— surface  decontamination, 
aging  and  sealing,  and  disposal.  Each  of  these 
methods  has  a  specific  purpose;  one  method  can 
often  be  used  to  supplement  another.  Surface 
decontaminatim  reduces  the  contamination  with- 
out destroying  the  utility  of  the  ot^ect.  In  aging 
and  sealing,  radioactivity  is  allowedto  decrease 
by  natural  decay  and  any  remaining  contamina- 
tion is  then  sealed  ontothe  surface.  The  disposal 
method  merely  consists  of  removing  contami- 
nated objects  and  materials  to  a  place  where 
they  can  do  little  or  no  harm. 

Biological  Decontaminaticm 

The  methods  available  for  biological  decon- 
taminaticm  include  scrubbing,  flushbig,  heating, 
and  the  use  of  disinfectant  sprays,  disinfectant 
vapors,  and  sterilizing  gases.  The  method  to  be 
used  in  any  particular  case  depends  upon  the 
nature  of  the  area  or  equipment  to  be  decon- 
taminated and  upon  the  nature  of  the  agent  (if 
this  is  known). , 
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Figure  4-9.— Water  washdown  system  in  operation. 
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Chemical  Decontamination 

The  major  problem  in  chemical  decontami- 
nation is  to  decontaminate  successfully  after  an 
attack  by  any  of  the  blister  or  nerve  agents. 
The  general  methods  used  in  chemical  decon- 
tamination include  natural  weathering,  chemical 
action,  the  use  of  heat,  the  use  of  sealing,  and 
physical  removal. 

Natural  weathering  relies  on  the  effects  of 
sun,  rain,  and  wind  to  dissipate,  evaporate,  or 
decompose  chemical  agents.  Weathering  is  by 
far  the  simplest  and  most  widely  applicable 
method  of  chemical  decontamination;  in  some 
cases,  it  offers  the  only  practicable  means  of 
neutralizing  the  effects  of  chemical  agents, 
particularly  where  large  areas  are  contami- 
nated. 

Decontamination  by  chemical  action  involves 
a  chemical  reaction  between  the  chemical  agent 
and  the  chemical  decontaminant.  The  reaction 
usually  results  in  the  formation  of  a  harmless 
new  compound  or  a  compoimd  which  can  be 
removed  more  easily  than  the  original  agent. 
Neutralization  of  chemical  agents  can 'result 
from  chemical  reactions  of  ^oxidation,  chlorina- 
tion,  reduction,  or  hydrolysis. 

E^endable  objects  or  objects  of  little  value 
may  be  burned  if  they  become  contaminated. 
This  procedure  should  not  be  used  except  as  an 


emergency  measure  or  as  a  means  of  disposing 
of  material  which  has  been  highly  contaminated. 
If  thiS;  method  is  used,  a  very  hot  fire  must  be 
usedi  intense  heat  is  necessary  for  destruction 
of  chemical  agents;  moderate  or  low  heat  may 
serve  only  to  volatilize  the  agent  and  spread  it 
by  means  of  seccxxlary  aerosols.  When  a  large 
amount  of  highly  contaminated  material  is  being 
burned,  downwind  areas  may  ccmtain  a  dangerous 


8.100 

Figure  4-10.-Decontamination  by  manual 
scrubbing. 
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concentration  of  toxic  vapors;  personnel  should 
be  kept  away  from  such  areas. 

Hot  air  may  be  blown  over  a  contaminated 
surface  to  decontaminate  It.  Steam,  especially 
high  pressure  steam,  Is  also  a  useful  decon- 
taminating agent;  the  steam  hydrolyzes  and 
evaporates  chemical  agents  and  flushes  them 
from  the  surfaces.  Chemical  decontamination 
may  also  be  accomplished  by  sealing  off  porous 
surfaces  to  prevent  the  absorption  of  chemical 
agents  or  to  prevent  volatilization  of  agents  al- 
ready on  the  surface. 

Decontamination  can  also  be  effected  by 
physically  removing  the  toxic  agents  from  the 
contaminated  surfaces.  This  can  be  done  by 
washing  or  flushing  the  surfaces  with  water, 
steam,  or  various  solvents.  Figure  4-11  shows 
a  decontamination  party  hosing  down  a  gun  mount 
in  order  to  physically  remove  toxic  agents. 


DAMAGE  CONTROL  PRECAUTIONS 


The  urgent  nature  of  damage  control  oper- 
ations can  lead  to  a  dangerous  neglect  of  neces- 
sary safety  precautions.  Driven  by  the  need  to 
act  rapidly^  men  sometimes  take  chances  they 
would  not  even  consider  taking  in  less  hazardous 
situations.  This  is  unfortunate,  since  there  are 
few  areas  in  which  safety  precautions  are  as 
Important  as  they  are  in  damage  control.  Failure 
to  observe  safety  precautions  can  lead^and,  in 
fact,  has  led«--to  the  loss  of  ships.  ^ 

Because  damage  control  includes  so  many 
operations  and  involves  the  use  of  so  many, 
items  of  equipment^  it  is  not  feasible  to  list  all 
the  detailed  precautions  that  must  be  observed. 
Some  of  the  basic  precautions  that  apply  to 
practically  all  dsmmge  control  work  are  noted 
briefly  in  the  foUowlng  paragra 

No  one  ^ould  be  alldwed  to  take  any  action 
to  control  flres^  floc^ng,  or  oth  damage  until 
the  situation  has  been  investigated  and  analyzed. 
Although  speeid:  is  essential  for  effective  damage 
control,  correct  action  is  even  more  important; 

The  extent  of  damage  must  not  be  under- 
estimated. It  is  always  necessary  t^  remember 
that  bidden  damage  may  be  '  even  niore  se^ 
ttian  visible  dtetmage,  Ve^  real  dbuigers  may 
exist  from  damage  V^tch  is  no^^^ 
dlate  trouble.  For  example;  small  holes  at  or 
just  above  the  waterline  may  appear  to  be  rela- 
tively minor;  but  they  have  been  known  to  sink 
a-ship.  , 


It  is  extremely  dangerous  to  assume  that 
damage  has  been  permanently  controlled  merely 
because  fires  have  been  put  out,  leaks  plugged, 
and  compartments  dewatered.  Fires  may  flare 
up  again,  plugs  may  work  out  of  holes,  and 
compartments  may  spring  new  leaks.  Constant 
checking  is  required  for  quite  some  time  after 
the  damage  appears  to  be  controlled. 

Doors,  hatches,  and  other  accesses  should 
be  kept  open  only  as  long  as  necessary  while 
repairs  are  being  made.  Wartime  records  of 
naval  ships  show  many  cases  of  progressive 
flooding  which  were  the  direct  result  of  failure 
to  close  doors  or  hatches. 

No  person  should  attempt  to  be  a  one-man 
damage  control  organization.  All  damage  must 
be  reported  to  damage  control  central  or  to  a 
repair  party  before  any  individual  action  is 
taken.  The  damage  control  organization  is  the 
key  to  successful  damage  control.  Separate, 
uncoordinated  actions  by  individual  men  may 
actually  do  more  harm  than  good. 

Many  actions  taken  to  control  damage  can 
have  a  definite  effect  on  ship's  characteristics 
such  as  watertight  integrity,  stability,  £nd 
weight  and  moment.  The  dangers  involved  in 
piunping  large  quantities  of  water  into  the  ship 
to'combat  fires  should  be  obvious.  Less  obvious, 
perhaps,  is  the  fact  that  the  repair  of  structural 
damage  may  also  affect  the  ship's  character- 
istics. For  example,  the  addition  of  high  or  off- 
center  weight  produces  the  same  general  effect 
as  high  or  off-center  solid  flooding. 

While  most  repairs  made  in  action  would  not 
amount  to  much  in  terms  of  weight  shifts  or 
additions,  it  is  possible  that  a  number  of  rela- 
tively small  changes  could  add  up  sufficiently 
to  endanger  an  alrea^  damaged  and  unstable 
ship.  The  only  way  to  control  this  kind  of  hazard 
is  by  making  sure  that  all  damage  control  per- 
sonnel report  fully  and  accurately  to  damage 
control  central.  Ship  stability  problems  are 
worked  out  in  damage  control  central,  but  the 
information  must  come  from  repair  personnel. 

In  all  aspects  of  damage  control,  it  is  im- 
portant to  make  full  use  of  all  available  devices 
for  the  detection  of  hazards.  Several  types  of 
instruments  are  available  oh  niost  ships  for 
detecting  dange  rous  concentrations  of  esqplosly e, 
flammable,  toxic,  or  asphyxiating  gases.  Per- 
sonnel should  be  trained  to  use  these  devices 
before  entering  potentially  hazardous  compart- 
ments or  spaces. 
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We  cannot  proceed  very  far  in  the  study  of  naval  engineering  without 
realizing  the  need  for  basic  theoretical  knowledge  in  many  areas.  To 
understand  the  functioning  of  the  machinery  and  equipment  discussed  in 
later  parts  of  this  text,  we  must  know  something  of  the  prbiciples  of  me- 
chanics, the  laws  ofmotion,  the  structure  of  matter,  the  behavior  of  mole- 
vcules  and  atoms  and  subatomic  particles,  the  properties  and  behavior  of 
solids  and  liquids  and  gases,  and  other  principles  and  concepts  derived 
from  the  physical  sciences. 

Chapter  5' takes  up  the  fundamentals  of  resistance,  the  development 
and  transmission  of  propulsive  power,  and  the  principles  of  steering.  The 
remaining  three  chapters  of  part  n  deal  with  basic  scientific  theory  and 
engineering  principles  that  have  wide->indeed,  almost  tmiversal^applica- 
tion  in  the  field  of  naval  engineering.  Chapter  6  is  concerned  with  lutoi- 
cation,  a  subject  of  vital  importance  hi  practically  all  machinery  ;uid 
equipment.  Chapter  7  takes  up  the  principles  of  measurement  and  dis- 
cusses basic  types  of  measuringdeviciss.  Chi^ter  8  provides  an  introduc- 
tion to  some  of  the  most  ftindamental  concepts  of  energy  and  ene:rgy 
transformations,  thus  establishing  a  theoretical  teisis  for  much  of  the 
subseqitent  discussion  of  shipboard  machinery  and  equipment.  Theoreti  cal 
considerations  of  a  more  specialized  nature  are  discussed  in  other  chap- 
ters throughout  the  text,  as  they  are  reqiiired  for  an  imderstanding  of  the 
particular  machinery  or  equipment  tmder  discussion. 
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CHAPTERS 

FUNDAMENTALS  OF  SHIP  PROPULSION  AND  STEERING 


The  ability  to  move  through  the  water  and  the 
ability  to  contrcA  the  direction  of  movement  are 
among  the  most  fundamental  of  all  ship  require- 
ments. Ship  propulsion  is  achieved  through  the 
conversion,  transmission,  and  utilization  of 
energy  in  a  seqMence  of  events  that  includes  the 
development  of  power  in  a  prime  mover,  the 
transmission  of  power  to  the  propellers,  the  de- 
velopment of  thrust  on  the  working  surfaces  of 
the  propeller  blades,  and  the  transmission  of 
thrust  to  the  ship's  structure  in  such  a  way  as 
to  move  the  ship  through  the  water.  Control  of 
the  direction  of  movement  is  achieved  partially 
by  steering  devices  which  receive  their  power 
from  steering  engines  and  partially  by  the  ar- 
rangement, speed,  and  direction  of  rotation  of 
the  ship's  prqpellers. 

This  chapter  is  concerned  with  basic  prin- 
ciples of  ship  propulsion  and  steering  and  with 
the  propellers,  bearings,  shafting,  reduction 
gears,  rudders,  and  other  devices  required  to 
move  the  ship  and  to  control  its  direction  of 
movement.  The  prime  movers  which  are  the 
source  of  propulsive  power  are  discussed  in  de- 
tail in  other  chapters  of  this  text,  and  are  there- 
fore mentioned  only  briefly  in  this  chapter. 

RESISTANCE 

The  movement  of  a  ship  through  the  water 
requires  the  esspenditure  of  sufficient  energy  to 
overcome  the  resistance  of  the  water  and,  to  a 
lesser  extent,  the  resistance  of  the  air.  The 
components  of  resistance  may  be  considered  as 
(1)  skin  or  frictional  resistance,  (2)  wave-making 
resistance,  (3)  eddy  resistance,  and  (4)  air  re- 
sistance. 

Skin  or  frictional  resistance  occws  because 
liquid  particles  in  contact  with  the  ship  are  car- 
ried alongyWith  the  ship,  whUe  liquid  particles 
a  short  distance  away  are  moving  at  much  lower 
velocities.  Frictional  resistance  is  therefore 


the  result  of  fluid  shear  between  adjacent  layers 
of  water.  Under  most  conditions,  frictional  re- 
sistance constitutes  a  large  part  of  the  total  re- 
sistance. 

Wave-making  resistance  results  from  the 
generation  and  propagation  of  wave  trains  by  the 
ship  in  motion.  Figure  5-1  Ulustrates  bow,  stem, 
and  transverse  waves  generated  by  a  ship  in  mo- 
tion. When  the  crests  of  the  waves  make  an  ob- 
lique angle  with  the  line  of  the  ship's  direction, 
the  waves  are  known  as  diverging  waves.  These 
waves,  once  generated,  travel  clear  of  the  ship 
and  give  no  further  trouble.  The  transverse 
waves,  which  have  a  crest  line  at  a  90*  angle  to 
the  ship's  direction,  donothave  visible,  breaking 
crests.  The  transverse  waves  are  actually  the 
invisible  part  of  the  continuous  wave  train  which 
includes  the  visible  divergent  waves  at  the  bow 
and  stern.  The  wave-making  resistance  of  the 
ship  is  a  resistance  which  must  be  allowed  for 
in  the  design  of  ships,  since  the  generation  and 
propagation  of  wave  trains  requires  the  esqpend- 
iture  of  a  definite  amount  of  energy. 

Eddy  resistance  occurs  when  the  flow  lines  do 
not  close  in  behind  a  moving  hull,  thus  creating 
a  low  pressure  area  in  the  water  behind  the  stern 
of  the  ship.  Because  of  this  low  pressure  area, 
energy  is  dissipated  as  the  water  eddies.  Most 
ships  are  designed  to  xhinimize  the  separation  of 
the  flow  lines  from  the  ship,  thus  minimizing  eddy 
resistance.  Eddy  resistance  is  relatively  minor 
in  naval  ships. 

Air  resistance,  although  small,  also  requires 
the  e^qpenditure  of  some  energy.  Air  resistance 
may  be  considered  as  frictional  resistance  and 
eddy  resistance,  with  most  of  it  being  eddy  re- 
sistance. — » 

THE  DEVELOPMENT  AND  TRANSMISSION 
OF  PROPULSIVE  POWER 

Figure  5-2  Ulustrates  the  general  principles 
of  ship  prcipuision  and  shows  the  functional 


PRINCIPLES  OF  NAVAL  ENGINEERING 


147.45 

Figure  S-1.— Bow,  stern,  and  transverse  waves. 

relationships  of  the  units  required  for  the  de- 
velopment and  transmission  of  propulsive  power. 
The  geared-turbine  installation  is  chosen  for  this 
example  because  it  is  the  propulsion  plant  most 
commonly  used  in  naval  service  today.  The  same 
basic  principles  apiAy  to  all  types  of  prppblsion 
plants. 

The  units  directly  involved  in  the  development 
and  transmission  of  propulsive  power  are  the 


prime  mover,  the  shaft,  the  propelling  device, 
and  the  thrust  bearing.  The  various  bearings 
used  to  support  the  shaft  and  the  reduction  gears 
(inthis  installation)  may  be  regarded  as  neces- 
sary accessories. 

The  prime  mover  provides  the  mechanical 
energy  required  to  turn  the  shaft  and  drive  the 
propelling  device.  The  steam  turbines  shown  in 
figure  5-2  constitute  the  prime  mover  of  this 
installation;  in  other  uiolcJ^ations  the  prime 
mover  may  bf  a  diesel  engino.  a  gas  turbine 
engine,  or  a  ti*xbine-driven  genet  itor. 

The  propulsion  shaft  provides  a  means  of 
transmitting  mechanical  energy  from  the  prime 
mover  to  the  propelling  device  and  t  ransmitting 
thrust  from  the  propelling  device  to  the  thrust 
bearing. 

The  propelling  device  imparts  velocity  to  a 
ccflumn  of  water  and  moves  it  In  the  direction 
opposite  to  the  direction  in  which  it  is  desired 
to  move  the  ship.  A  reactive  force  (thrust)  is 
thereby  developed  against  the  velocity- ia^parting 
device;  and  this  thrust,  when  transmitted  to  the 
ship's  structure,  causes  the  ship  to  move  through 
the  water.  In  essence,  then,  we  may  think  of 
propelling  devices  as  pumps  which  are  designed 
to  move  a  coltmtin  of  water  in  order  to  build  up 
a  reactive  force  sufficient  to  move  the  ship.  The 
screw  propeller  is  the  propelling  device  used 
on  practically  all  naval  ships. 

The  thrust  bearing  absorbs  the  axial  thrust 
^that  is  developed  on  the  propeller  and  trans- 
mitted through  the  shaft.  Since  the  thrust  bearing 
Is  firmly  fixed  in  relation  to  the  ship's  structure, 
any  thrust  developed  on  the  propeller  must  be 
transmitted  to  the  ship  in  such  a  way  as  to  move 
the  ship  through  the  water. 


THRUST 
BEARING 


PROPELLER 


DIRECTION  OP 
REACTIVE  FORCE 
i  (THRUST) 


HULL 


Figure  5-2.— Principles  of  ship  propulsion. 


47.42A 


Chapter  5-FUNDAMENTALS  OF  SHIP  PROPULSION  AND  STEERING 


The  purpose  of  the  bearings  which  support 
the  shaft  is  to  absorb  radial  thrust  and  to  main- 
tain the  correct  alignment  of  the  sliaft  and  the 
propeller. 

The  reduction  gears  shown  in  figure  5-2  are 
used  to  allow  the  turbines  to  operate  at  high  ro- 
tational speed  while  the  propellers  operate  at 
lower  speeds,  thus  providing  for  most  efficient 
operation  of  both  turbines  and  propellers. 

The  prppellerSi  bearings,  shafting,  and  re- 
duction sears  which  are  directly  or  indirectly 
involveoin  the  development  and  transmission  of 
propulsive  power  are  considered  in  more  detail 
following  a  general  discussionof  power  require- 
ments for  naval  ships. 

POWER  REQUIREMENTS 

The  power  output  of  a  marine  engine  is  ex- 
pressed (n  terms  of  horsepower.  One  horse- 
power is  equal  to  550  foot-pounds  of  work  per 
second  or  33,000 foot-pounds  of  work  per  minute. 
Different  types  of  engines  are  rated  in  different 
kinds  of  horsepower.  Steam  reciprocating  en- 
gines are  rated  in  terms  of  indicated  horsepower 
(IHP);  internal  combustion  engines  are  usually 
rated  ii^^terms  of  brake  horsepower  (BHP);  and 
steam  turbines  are  rated  in  terms  of  shaft  horse- 
power (SHP). 

todicated  horsepower  is  the  power  measured 
in  the  cylinders  of  the  engine. 

Brake  tiorsepower  is  the  power  measured  at 
the  crankshaft  coiqpling  by  means  of  a  mechani- 
cal, hydraulic,  or  electric  brake. 

Shaft  horsepower  is  the  power  transmitted 
through  the  shaft  to  the  propeller.  Shaft  horse- 
power can  be  measured  with  a  torsionmeter;  it 
can  also  be  determined  by.  coniputation.  Shaft 
horsepower  may  vary  from  time  to  time  within 
the  same  plant;  for  exanqple,  a  plant  that  de- 
velops 10,000  shaft  horsepower  at  100  rpm  on 
one  occasion  may  develop  12,000  shaft  horse- 
power at  the  same  rpm  onanoUier  occasion.  The 
difference  occurs  because  of  variations  in  the 
condition  of  the  bottom,  the  draft  of  the  ship,  the 
state  of  the  sea,  and  other  factors.  Shaft  horse- 
power  may  be  determined  by  the  forniula 


SHP  s 


where 


2ffNT 
33,000 


shaft  horsepower 

'K=Tpncr'^'-.r-^'V,^  .:,v 
T  =  tor  que  (in  •  foot-pounds)  measured 
'■fy:  with  torsionmeter 


The  amount  of  power  which  the  propelling 
machinery  must  develop  in  order  to  drive  a  ship 
at  a  desired  speed  may  be  determined  by  direct 
calculation  or  by  calculations  based  on  the  meas- 
ured resistance  of  a  model  having  a  definite  size 
relationship  to  the  ship. 

When  the  latter  method  of  calculating  power 
requirements  is  used,  ship  models  are  towed  at 
various  speeds  in  long  tanks  or  basins.  The  most 
elaborate  facility  for  testing  models  in  this  way 
is  the  Navy's  David  W.  Taylor  Model  Basin  at 
Carderock,  Maryland.  The  main  basin  is  2775 
feet  long,  51  feet  wide,  and  22  feet  deep.  A 
powered  carriage  spanning  this  tank  and  riding 
on  machine  rails  is  equipped  to  tow  an  attached 
model  directly  below  it.  Ttie  carriage  carries 
instruments  to  measure  and  record  the  speed  of 
travel  and  the  resistance  of  the  model.  From 
the  resistance,  the  effective  horsepower  (EHP) 
(among  other  things)  maybe  calculated.  Effective 
tiorsepower  is  the  horsepower  required  to  tow 
the  ship.  Therefore, 


EHP 


J  6080V 
^T  60 
33,000 


where 

R^  =  tow  rope  resistance,  in  pounds 
V  =  speed,  in  knots 

The  speed  in  knots  is  multiplied  by  6080  to 
convert  it  to  feet  per  hour,  and  is  divided  by  60 
to  convert  this  to  feet  per  minute.  We  have  then 

6080  R^V 


EHP 


60  6080  R^V 


33,000  "  60.33,000 
^  608  RyV    608  R^V. 

^6.33,000  ^oiTTos" 

=  3.0707  X  10-3  R^v 
=  0.0030707  R^V 


The  relationship  between  effective  horse- 
power and  shaft  horsepower  is  called  the  pro- 
pulsive efficiency  or  the  propulsive  coefficieni 
of  the  ship.  It  is  eqiud  to  the  product  of  the  pro- 
peller efficiency  and  the  hull  efficiency. 
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Variation  of  hull  resistance  at  moderate 
speeds  of  any  well-designed  ship  is  ajpproxl- 
mately  proportional  to  the  square  of  the  speed. 
The  power  required  to  propel  a  ship  is  propor- 
tional to  the  product  of  the  hull  resistance  and 
speed.  Therefore,  it  follows  that  under  steady 
running  conditions,  the  power  required  to  drive 
a  ship  is  approximately  prcqportional  to  the  cube 
of  prcqpeller  speed.  While  this  relationship  is 
not  exact  enough  for  actual  design,  itdoes  serve 
as  a  useful  guide  for  operating  the  prcqpeUing 
plant. 

Since  the  power  required  to  drive  a  ship  is 
approximately  proportional  to  the  cube  of  the 
propeller  speed,  50  percent  of  full  power  will 
drive  a  ship  at  about  79.4  percent  of  the  maxi- 
mum speed  attainable  when  full  power  is  used 
for  propulsion,  and  only  12.5percent  of  fiill  power 
is  needed  for  about  50  percent  of  maximum  speed. 

The  relation  of  speed,  torque,  and  horse- 
power to  ship's  resistance  and  propeller  speed 
tmder  steady  running  conditions  can  be  e9q>ressed 
in  the  following  equations: 

S  s     X  (rpm) 
v2 

T  s  kg  X  (rpm) 

where 

S  =  ship's  speed,  in  knots 

T  -  torque  required  to  turn  propeller,  in 
foot-pounds 

shp  ■  shaft  horsepower 

rpm  =  propeller  revolutions  per  minute 

^  s  proportionality  factors 

[  The  proportionality  factors  depend  on  many 
conditions  such  as  displacement,  trim,  condition 
of  hull  and  propeller  with  respect  to  fouling, 
depth  of  water;  sea  and  wind  conditions,  and  the 
position  of  the  ship.  Conditions  that  increase 
the  resistance  of  the  ship  to  motion  cause  kx  to 
be  snoiaUer  andt:k2  tpjb€l4argei\;^^^;^^ 

In i  a;  smboth  seav  tli^: 
kx  and;  k2  can  be  as  being  r^ 

constant  ?  U  rou  howevery  a  sbip  is  sub- 

]ectidd;t0  v^r^inig  de{^  inmer^lonan^ 


impact  which  cause  these  factors  to  fluctuate 
over  a  considerable  range.  It  is  to  be  expected, 
therefore,  that  peak  loads  in  excess  of  the  loads 
required  in  smooth  seas  will  be  imposed  on  the 
propulsion  plant  to  maintain  the  ship's  rated 
speed.  Thus,  propulsion  plants  are  designed  with 
sufficient  reserve  powertohandle  the  fluctuating 
loads  that  must  be  esqpected. 

There  is  no  simple  relationship  for  determin- 
ing the  power  required  to  reverse  the  propeller 
when  the  ship  is  moving  ahead  or  the  power  re- 
quired to  turn  the  propeller  ahead  when  the  ship 
is  moving  astern.  To  meet  Navy  requirements, 
a  ship  must  be  able  to  reverse  from  full  speed 
ahead  to  full  speed  astern  within  a  prescribed 
period  of  time;  the  propulsion  plant  of  any  ship 
must  be  designed  to  furnish  sufficient  power  for 
meeting  the  reversing  specifications. 

PROPELLERS 

The  propelling  device  most  commonly  used 
for  naval  ships  Is  the  screw  propeller,  so  called 
because  it  advances  through  the  water  in  some- 
what the  same  way  that  a  screw  advances  through 
wood  or  a  bolt  advances  when  it  is  screwed  into 
a  nut.  With  the  screw  propeller,  as'^ltha  screw, 
the  axial  distance  advanced  with  caoh  complete 
revolution  is  known  as  the  pitch.  The  path  of  ad- 
vance of  each  propeller  Uade  section  is  approx- 
imately helicoidal. 

There  is,  however,  a  difference  between  the 
way  a  screw  propeller  advances  and  the  way  a 
bolt  advances  in  a  nut.  Since  water  is  not  a  solid 
medium,  the  propeller  slips  or  skids;  hence  the 
actual  distance  advanced  in  one  complete  revo- 
lution is  less  than  the  theoretical  advance  for  one 
complete  revolution.  The  difference  between  the 
theoretical  and  the  actualadvance  per  revolution 
is  called  the  slip.  Slip  is  usually  e^qpressed  as 
a  ratio  of  the  theoretical  advance  per  revolution 
(or,  in  other  words,  the  pitch)  and  the  actual  ad- 
vance per  revolution.  Thus, 


Slip  ratio 


E  -  A 


where 


E  =  shaft  rpm  x  pitch  =^engine  distance  per 
minute 

A -actual  distance  advanced  per  minute 

Screw  propellers  may  be  broadly  classified 
as  fixed  pitch  propellers  or  controllable  pitch 
prqpellers.  ThepltdT^T ei  fixed  pitch  propeller 
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cannot  be  altered  during  cqperation;  the  pitch  of 
a  controllable  pitch  propeller  can  be  changed 
continuously,  subject  to  bridge  or  engineroom 
control.  Most  prppellers  in  naval  use  are  of  the 
fixed  pitch  type,  butsome  controllable  pitch  pro- 
pellers are  in  service. 

-  A  screw  propeller  consists  of  a  hub  and  sev- 
eral (usually  three  or  four)  blades  spaced  at 
equal  angles  about  the  axis.  Where  the  blades 
are  integral  with  the  hub,  the  propeller  is  known 
as  a  solid  propeller.  Where  the  blades  are  sep- 
arately cast  and  secured  to  the  hub  by  means  of 
studs  and  nuts,  the  propeller  is  referred  to  as 
a  buUtup  propeller. 

Solid  propellers  may  be  further  classified  as 
having  ccystant  pitch  or  var  iiJDle  pitch.  In  a  con- 
stant pitch  propeller,  the  pitch  of  each  radius  is 
the  same.  On  avariablepitchpropeller,  the  pitch 
at  each  radius  may  vary.  Solid  propellers  of  the 
variable  pitch  type  are  the  most  commonly  used 
for  naval  ships. 

Propellers  are  classified  as  being  right-hand 
or  left-hand  prcqpellers,  depending  upon  the  di- 
rection of  rotation.  When  viewed  from  astern, 
with  the  ship  moving  ahead,  a  right-hand  pro- 
peller rotates  in  a  clockwise  direction  and  a  left- 
hand  prcqpeUer  rotates  in  a  counterclockwise 
direction.  The  great  majority  of  single-screw 
ships  have  right-huid  prcqpellers.  Multiple- 
screw  ships  have  right  hand  propellers  to  port. 
Reversing  the  direction  of  rotation  of  a  propeller 
reverses  the  direction  of  thrust  and  consequently 
reverses  the  direction  of  the  ship's  movement; 

Some  of  the  terms  used  in  connection  with 
screw  propellers  are  identified  in  figure  5-3. 
The  term  fkce  (or  pressure  face)  identifies  the 
after  side  of  the  blade,  when  the  ship  is  moving 
ahead.  The  term  back  (or  suction  back)  identi- 
fies the  surface  opposite  the  face.:  As  the  pro- 
peller rotates,  the  face  of  the  blade  increases 
the  pressure,  on  the  water  near,  it  and  gives  the 
water  a  positive  aistern  movement.  The  back  of 
the  blade  creates  alow  pressure  or  suction  area 
just  ahead  of  the  blade.  The  overall  thrust  is  de- 
rived from  the  increased  water  velocity  which 
results  from  the  total  pressure  differential  thus 
created.  .  r'^': 

The^  of  the  blade  is  the  point  most  distant 
from  theJiub. ,  The  root  of  the;blade;  is  the  area 
where  the  blade  arm  joins  the  hub.  The  leading 
edge  is  the  edge  which  first  cute  U^^  when 
the^  ship  is  goingt  ahead.  The^trailing  e^^^  (also 
caUed  the  f  oUowiiy  edg  opposite  the  leading 
edge> .  A  rake  angle  earists;^^^ 
eithjer- forward  or  a^ 


\     ]  RAKE 
ANGLE 

I  I 


HUB- 


FACE-V 

-BACK 


Figure  5-3.«-PrQpeller  bfade. 
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not  precisel;/  perpendicular  to  the  long  axis  of 
the  shaft. 

Blade  Angle 

The  blade  angle  (or  pitch  angle)  of  a  pro- 
peller may  be  defined  as  the  angle  included  be- 
tween the  blade  and  a  line  perpendicular  to  the 
shaft  centerline.  If  the  blade  angle  were  0^ ,  no 
pressure  would  be  develcqped  on  the  blade  face. 
If  the  blade  angile  were  90* ,  the  entire  pressure 
would  be  exerted  sidewise  and  none  of  it  aft. 
Within  certain  limits,  the  amount  of  reactive 
thrust  deyelcved  by  a  blade  is  a  function  of  the 
blade  angle. 

Blade  Velocity 

The  sternward  velocity  imparted  to  the  water 
by  the  rotaticmofthe  propeller  blades  is  partially 
a  ftmction  of  the  speed  at  which  the  blades  ro- 
tate. In  general,  the  higher  the  speed,  the  greater 
the  reactive  thrust. 

However,  every  part  of  a  rotating  blade  does 
not  give  equal  velocity  to  the  water  unless  the 
blade  is '  specially  designed  to  do  this.  For  ex- 
ample, consider  the  flat  bfade  shown  in  figure 
5->4.  Points  A  and  Z  moye  about  the  shaft  center 
with  equal  aiigular  velocity  (rpm)  but  with  dif- 
ferent instantaneous  linear  velocities.  Point  Z 
must  move  farther  than  point  A  to  complete  one 
revplutipn;  hence  the  linear  velocity  at  po  Z 
must  be  E^ea^^^  A.  With  the  same 

pitch  ahgflei  therefore,  point  Z  will  exert  more 
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Figure  5-4.— Linear  velocity 
and  reactive  thrust. 

pressure  on  the  water  and  so  develcyp  more  re- 
active thrust  than  point  A.  The  higher  the  linear 
velocity  of  any  part  of  a  Uade/the  greater  will  ^ 
be  the  reactive  thrust. 

Real  prq[>eller  blades  are  not  flat  but  are  de-  - 
signed  with  complex  surfaces  (approximately 
helicoidal)  to  permit  every  infinitesimal  area  to 
produce  equal  thrust.  Since  point  Z  has  a  higher 
linear  velocity  than  point  A,  the  thrust  at  point 
Z  must  be  decreased  by  decreasing  the  pitch 
angle  at  point  Z.  Point  l;7ing  between  points 
Z  and  A,  would  have  (on  a  flat  blade)  a  linear 
velocity  less  than  Z  but  greater  than  A.  In  a  real 
propeller,  then,  iK)int  M  must  be  set  at  a  pitch 
angle  which  is  greater  than  the  pitch  angpie  at 
point  Z  but  less  than  the  pitch  ang^e  at  point  A. 
Since  the  linear  velocity  (^^^^  a  blade 

varies  from  rOdt  to  tip,  is  desired 

to  have  evety  infinitesimal 
duce  equal  thx^,  it  is^^i^^     thata  real  prb- 
peller  must  \^y  the  pit^ 

Propeller  Sisse";  '\v  ..■•'"''^•^  ' 

The  size  (tf  a  prq^^  is,  the  size  of 

the  area  swept  Iq^^  the  lflade8--^has  a  definite  ef- 
fect oh  the'total  thn^ 


the  propeller.  Within  certain  limits,  the  thrust 
that  can  be  developed  increases  as  the  diameter 
and  the  total  blade  area  increase.  Since  it  is 
impracticable  to  increase  propeller  diameter 
beyond  a  certain  point,  propeller  blade  area  is 
usually  made  as  great  as  possible  by  using  as 
many  blades  as  are  feasible  under  the  circum- 
stances. Three-bladed  and  four-bladed  marine 
propellers  are  conunonly  used. 

Thrust  Deduction 

Because  of  the  friction  between  the  hull  and 
the  water,  water  is  carried  forward  with  the  hull 
and  is  given  a  forward  velocity.  This  movement 
of  adjacent  water  is  called  the  wake.  Since  the 
propeller  revolves  hi  this  body  of  forward  mov- 
ing water,  the  stemward  velocity  given  to  the 
propeller  is  less  than  if  there  were  no  wake. 
Since  the  wake  is  traveling  with  the  ship,  the 
speed  of  advance  over  the  ground  is  greater  than 
the  speed  through  the  wake. 

At  the  same  time,  a  prqpeller  draws  water 
from  under  the  stern  of  the  ship,  thus  creating  a 
suction  which  tends  to  keep  the  ship  from  going 
ahead.  The  increase  in  resistance  that  occurs 
because  of  this  ^.suction  is  known  as  thrust  de- 
duction. 

Number  and  Location 
of  Propellers 

A  siD^e  prq[>eller  is  located  on  the  ship's 
centerline  as  far  aft  as  possible  to  minimize  the 
thrust  deduction fkctor.  Vertically,  the  propeller 
must  located  deep  enough  so  that  instill  water 
the  blaies  do  not  draw  in  air  biit  high  enough  so 
that  it  can  benefit  from  the  wake.  The  propeller 
must  not  be  located  so  high  that  it  will  be  likely 
to  break  the  surface  in  rough  weather,  shice  this 
would  lead  to  racing  and  perhaps  abr6kenshaft. 

A  twhi-screw  ship  has  the  propellers  located 
one  on  each  side,  well  aft,  with  sufficient  tip 
clearance  to  limit  thrust  deduction. 

A  quadrtqple-screw  ship  has  the  outboard 
propellers  located  forward  of  and  above  the  in- 
board propellers,  to  avoid  prqpeller  stream  in- 
terference. 

Contrcfllable  Pitch  Propellers 

As  previously  noted,  controllable  pitch  pro- 
pellers are  iii  use  oh  some  naval  ships.  Con- 
trollable pitch  prcqpellers  give  a  iship  excellent 
nianeiiverability  and  allow  the  propellers  to  de- 
velop maximum  thrust  at  any  given  engtae  rpm. 
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A  ship  with  contrcUable  pitch  propellers  re- 
quires much  less  distance  for  stopping  than  a 
ship  with  fixed  pitchprppellers.  The  controllable 
pitch  propellers  are  particularly  useful  for  land- 
ing ships  becaiise  they  make  it  possible  for  the 
ships  to  hover  offshore  and  because  they  make 
it  easier  for  the  ships  to  retract  and  turn  away 
from  the  beach. 

Controllable  pitch  prcqpellers  may  be  con- 
trolled from  the  bridge  or  from  .the  engineroom 
as  shewn  in  figure  S-S.  Hydraulic  or  mechanical 
controls  are  used  to  apply  a  Uade  actuating  force 
to  the  blades. 

A  hydraulic  system  as  shown  in  figure  5-6, 
is  the  most  widely  used  means  of  providing  the 
force  required  to  change  the  pitch  of  a  controll- 
able pitch  propeller,  bi  this  type  of  system,  a 
valve  positioning  mechanism  actuates  an  oil 
ccmtrbl  valve.  The  oil  control  valve  permits 
hydraulic  oil,  under  pressure,  to  be  introduced 
to  either  side  of  a  piston  (which  is  connected  to 
the  prcq[>eller  blade)  and  at  the  same  time  allows 
for  the  controlled  discharge  of  hjrdraulic  oil  from 
the  other  side  of  the  piston.  This  action  reposi- 
tions the  piston  and  thus  changes  the  pitch  of  the 
prcqpeller  blades. 

Some  controllable  pitch  propellers  have  me- 
chanical means  for  providing  the  blade  actuating 
force  necessary  to  change  thepitch  of  the  blades. 
In  these  designs,  a  wOirm  screw  and  crosshead 
nut  are  used  instead  of  the  hydraulic  devices  for 
transmitting  the  actuating  force  to  the  connect- 
ing rods.  The  torque  required  for  rotating  the 
worm  screw  is  supplied  either  by  an  dectric 
motor  or  by  the  main  propulsion  plant  through 


pneumatic  brakes.  The  mechanically  operated 
actuating  mechanism  is  usually  controlled  by 
simple  mechanical  or  electrical  switches. 

Propeller  Problems 

One  of  the  major  problems  encountered  with 
propellers  is  known  as  cavitation.  Cavitation  is 
the  formation  of  a  vacuum  around  a  propeller 
which  is  revolving  at  a  speed  above  a  certain 
critical  value  (which  varies,  depending  upon  the 
size,  number,  and  shape  of  thepropellerblades). 
The  speed  at  which  cavitation  begins  to  occur 
is  different  in  different  types  of  ships;  the  tur- 
bulence increases  in  proportion  to  the  propeller 
rpm.  Sipectf ically,  a  propeller  rotating  at  a  high 
speed  will  develop  a  stream  velocity  that  creates 
a  low  pressure.  This  low  pressure  is  less  than 
the  vaporization  point  of  the  water,  and  from 
each  blade  tip  there  appears  to  develop  a  spiral 
of  bubbles  (fig.  5-7).  The  water  boils  at  the  low 
pressure  points.  As  the  vapor  bubbles  of  cavita- 
tion move  into  regions  where  the  pressure  is 
higher,  the  bubbles  collapse  rapidly  and  produce 
a  high-pitched  noise. 

The  net  result  of  cavitation  is  to  produce: 
(1)  high  level  of  underwater  noise;  (2)  erosion 
of  propeller  blades;  (3)  vibration  with  subsequent 
blade  fUlure  from  metallic  fatigue;  and  (4) 
overall  loss  in  prqpeller  efficiency,  requiring  a 
proportionate  increase  in  power  for  a  given 
Speed. 

Jn  naval  warfare,  the  movements  at  surface 
ships  and  submarines  can  be  plotted  by  sonar 
bearings  on  prcqpeller  noise.  Because  of  the  high 
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Figure  S-S.— General  arrangement  of  pitch  propeller  control. 
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Figure  5-7.— Cavitating  propeller. 


static  ^vater  pressure  at  submarine  operational 
depths,  cavitation  sets  in  when  a  submarine  is 
operating  at  a  much  higher  rpm  than  when  near 
the  surface.  For  obvious  reasons,  a  submarine 
that  is  under  attack  will  immediately  dive  deep 
so  that  it  can  use  high  propeller  rpm  with  the 
least  amount  of  noise. 

A  certain  amount  of  vibration  is  always 
present  aboard  ship.  Propeller  vibration,  how- 
ever, may  also  be  caused  by  a  fouled  blade  or 
by  seaweed.  If  a  propeller  strikes  a  submerged 
object,  the  blades  may  be  nicked. 

Anotlier  propeller  phenomen  is  the  ^^singing'J 
propeller.  The  usual  cause  of  this  noise  is  that 
the  trailing  edges  of  the  blades  have  not  been 
properly  prepared  before  Installation.  The 
flutter  caused  by  the  flow  around  the  edges  may 
induce  a  resonant  vibration.  A  "singing^' propel- 
ler can  be  heard  for  a  great  distance. 


BEARINGS 

From  the  standpoint  of  mechanics,  the  term 
bearing  may  be  applied  to  anything  which  sup- 
ports a  moving  element  of  a  machine.  However, 
this  section  is  concerned  only  with  those  bearings 
which  support  or  confine  the  motion  of  sliding, 
rotating,  and  oscillating  parts  on  revolving  shafts 
or  movable  surfaces  of  naval  machinery. 

In  view  of  the  fact  that  naval  machinery  is 
constantly  esqposed  to  varying  operating  condi- 
tions, bearing  material  mu^t  meet  rigid  stand- 
ards. A  number  of  nonferrous  alloys  are  used 
as  bearing  metals.  In  general,  these  alloys  are 
tin-base,  lead-base,  copper-base,  or  aluminum- 
base  alloys*  The  term  babbitt  metal  is  often 
used  for  lead-base  and  tin-base  alloys. 

Bearings  must  be  made  of  materials  which 
will  withstand  varying  pressures  and  yet  permit 
the  surfaces  to  move  with  minimum  wear  and 
friction.  In  addition,  bearings  must  be  held  in 
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position  with  very  close  tolerances  permittine 
Sp^,  movement  and  quiet  operation,  to 

nMilif*®  requirements,  good  bearing  mate- 
rials  must  possess  a  combination  of  the  follow- 
ing  characteristics  for  a  given  application. 

1.  The  compressive  strength  of  the  bearing 
alloy  at  maximum  Qperattng  temperature  must 

S^onw^J  V  ^"'»«*an'»  high  loads  without 
cracking  or  deforming. 

ropf-f-^^i"^  """"^  have  high  fatigue 

resistance  to  prevent  cracking  and  flaking  under 
varying  operating  conditions. 

rnnio^'lf  ^5  have  high  thermal 

conductivity  to  prevent  localized  hot  spots  with 
resultant  fatigue  and  seizure. 

''eaf  tag  materials  must  be  capable  of 
retaining  an  effective  oU  f Um. 

«i  J"  7*''®  '^^'ng  materials  must  be  highly  re- 
sistant to  corrosion. 

Classification 

«o3Ilf  "'^'P'ocatlng  and  rotating  elements  or 
members,  si5)ported  by  bearings,  maybe  subject 
^SSi  ^  "«°»ved  into 

directions,  or  a  combination  of  the  two.  Bearlnes 
are  generally  classified  as  sliding  surface 
InS^  '  (antifriction)  bear- 

y'^'^^  bearings  may  be  defined 
a«  those  bearlngs'whlch  have  sliding 
coitact  between  their  surfaces.  In  these  bear- 
tags,  one  body  slides  or  moves  on  the  surface 
fl*"°2!'  ""'""K  friction  is  developed  If 
the  rubbing  surfaces  are  not  lubricated.  Exam- 
ples of  sliding  surface  bearings  are  thrust 
bearings  an^l  journal  bearings  (fig.  5-8),  such 

JboiSdsWp     °'  •^"'"^^  ^^^^^ 

Journal  bearings  are  extensively  used  aboard 
mp  Journal  bearings  may  be  subdivided  Into 
dWerent  styles  or  types,  the  most  common  of 
which  are  solid  bearings,  half  bearings,  two- 
w„»Th-^\"  bearings.  A  typical  solid  style 
&i  ^"«"^  aPP "cation  Is  the  plstonbeartog 
(part  A  of  fig.  5-8),  more  commonly  caUed  a 
wwyn£.  An  example  of  a  solid  bearing  Is  a 
piston  rod  wristpln  bushing  such  as  found  to 
compressors.  Perhaps  the  most  common  ap- 
plication of  the  half  bearing  In  martoe  eju!?- 
ment  Is  the  prppeUer  shaft  bearing.  Since  the 
load  is  exerted  only  in  one  dlrectS,,  t£y 
vlously  are  less  cosUy  than  a  ftUl  bearing  of 
any  type.  Split  bearings  are  used  more  frequenUy 
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Figure  5-8.-Various  types  of  friction  bear  tags. 

than  any  othei-  friction-type  bearing.  A  good 
example  Is  the  turbine  beSlng.  Split  bearC 
can  be  made  adjustable  to  compensate  forweaT 
Guide  bearings  (part  B  of  fig.  5-8),  as  the 

t^^^'  ^"''""S  the  longi- 

tudinal motion  of  a  shaft  or  other  part.  Perhaps 
the  best  Ulustratlons  of  guide  be^lngs  are  the 

Thr^i?tl  combustlSn  engine. 

Thrust  beartogs  are  used  to  limit  the  motion 
of,  or  support  a  shaft  or  other  rotating  oart 
longUudta^y.  Thrust  bearings  soiStofs^S; 
combined  ftmctlonally  with  journal  bearings. 
.  Antlfrlctlon-tvpe,  or  roUlng  contai^f  bear- 
aie  so-caUed  because  their  desipi  takes 
aa^tage  of  the  fact  that  less  energy  Is  required 
to  overcome  rolling  friction  than  Is  required 
to  overcome  sliding  friction.  These  bearings 

SJnn?  ^^2"!?  *°  beatlngB  which  have 

rolling  contact  between  their  surfaces.  These 
^  classified  as  roUer  beartogs 
or  ball  beartogs  accordtag  toshapeoftheroUtag 
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elements.  Both  roller  and  ball  bearings  are 
made  in  different  types,  some  being  arranged 
to  carry  both  radial  and  thrust  loads.  Jn  these 
bearings,  the  balls  or  rollers  generally  are 
assembled  between  two  rings  or  races,  the 
contacting  faces  of  which  are  shaped  to  fit  the 
balls  or  rollers. 

The  basic  difference  between  ball  and  roller 
bearings  is  that  a  ball  at  any  given  instant 
carries  the  load  on  two  tiny  spots  diametrically 
opposite  while  a  roller  carries  the  load  on  two 
narrow  lines  (fig.  5-9).  Theoretically,  the  area 
of  the  spot  or  line  of  contact  is  infinitesimal. 
Practically,  the  area  of  contact  depends  on  how 
much  the  bearing  material  will  distort  under 
the  applied  load.  Obviously,  rolling  contact 
bearings  must  be  made  of  hrxd  >iiaterials  be- 
cause if  the  distortion  under  load  is  uppreciMe 
the  resulting  friction  wiU  defeat  ihe  purpose  of 
the  bearings.  Bearings  with  small,  highly  loaded 
contact  areas  must  be  lubricated  carefully  if 
they  are  to  have  the  antifriction  properties  they 
are  designed  to  provide.  If  improperly  lubri- 
cated, the  highly  poli|{ied  surfaces  of  the  balls 
and  rollers  soon  will  crack,  check,  or  pit,  and 
failure  of  the  complete  bearing  follows. 

Both  sliding  surface  and  rolling  contact 
bearings  may  be  further  classified  by  their 
function  as  fcAlows:  radial,  thrust,  and  angular- 
contact  (actually  a  combination  of  radial  and 
thrust)  bearings.  Radial  bearings,  designed 
primarily  to  carry  a  load  in  a  direction  per- 
pendicular to  the  axis  of  rotation,  are  used  to 
limit  motion  in  a  radial  direction.  Thrust  bear- 
ings can  carry  only  axial  loads;  that  is,  a  force 
parallel  to  the  axis  of  rotation,  tending  to  cause 
endwise  motion  of  the  shaft.  Angular-contact 
bearinits  can  support  both  radial  and  thrust  loads. 

Thej  simplest  forms  of  radial  bearings  are 
the  integral  and  the  insert  types.  Tae  integral 
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Figure  5-9.— Load-carrying  areas  of  ball  and 
roller  bearings. 


type  is  formed  by  surfacing  a  part  of  the  machine 
frame  with  the  bearing  material,  while  the  insert 
bearing  is  a  plain  bushing  inserted  into  and  held 
in  place  in  the  machine  frame.  The  insert  bear- 
ing may  be  either  a  solid  or  a  split  bushing,  and 
may  consist  of  the  bearing  material  alone  or  be 
enclosed  in  a  case  or  shell.  In  the  integral  bear- 
ing there  is  no  means  of  compensating  for  wear, 
and  when  the  maximum  allowable  clerj:ance  is 
reached  the  bearing  must  be  resurfa^^ed.  The 
insert  solid  bushing  bearing,  like  the  integral 
type,  has  no  means  for  adjustment  due  to  wear, 
and  must  be  replaced  when  maximum  clearance 
is  reached. 

The  pivoted  shoe  is  a  more  complicated  type 
of  radial  bearing.  This  bearing  consists  of  a 
shell  containing  a  series  of  pivoted  pads  or 
shoes,  faced  with  bearing  material. 

bearing  consists  of  the  end  of  a  Joui'nal  extend- 
ing  into  a  cup-shaped  housing,  the  bottom  of 
which  holds  the  single  disk  of  bearing  material. 

The  multi-disk  type  thrust  bearing  is  simi- 
lar to  the  plain  pivot  bearing  except  that  several 
disks  are  placed  between  the  end  of  the  journal 
and  the  housing.  Alternate  disks  of  bronze  and 
steel  are  generally  used.  The  lower  disk  is 
fastened  in  the  bearing  housing  and  the  upper 
one  to  the  journal,  while  the  interniediate  disks 
are  free. 

The  multi- collar  tlirust  bearing  consists  of 
a  journal  with  thrust  collars  integral  with  or 
fastened  to  the  shaft;  these  collars  fit  into  re- 
cesses in  the  bearing  houising  which  are  fkced 
with  bearing  metal.  This  type  bearing  is  gen- 
erally used  on  horizontal  shafts  carr]ring  light 
thrust  loads. 

The  pivoted  shoe  thrust  bearing  is  similar  to 
the  pivoted  shoe  radial  bearing  except  that  it  has 
a  thrust  collar  fixed  to  the  shaft  which  runs 
against  the  pivoted  shoes.  This  type  bearing  is 
generally  suitable  for  both  directions  of  rotation. 

Angular  loading  is  generally  taken  by  using 
a  radial  bearing  to  restrain  the  radial  load  and 
some  form  of  thrust  bearing  to  handle  the  load. 
This  may  be  acconqdished  by  using  two  separate 
bearings  or  a  combination  of  a  radial  and  thrust 
(radial  thrust).  A  typical  example  is  the  multi- 
€(dlar  bearing  which  has  its  recesses  entirely 
surfaced  with  bearing  material;  the  faces  of  the 
collars  carry  the  thrust  load  and  the  cylindrical 
edge  surfaces  handle  the  radial  load. 


The  plain  pivot  or  single  disk  type  thrust 
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Main  Reduction  Gear  and 
Propulsion  Turbine  Bearings 

Reduction  gear  bearings  of  the  babbitt-lined 
split  type  are  rigidly  mounted  and  dowelled  into 
the  bearing  housings.  These  bearings  are  split 
in  halves,  but  the  split  is  not  always  in  a  hori- 
zontal plane.  On  many  pinion  and  bull  gear  bear- 
ings, the  pressure  is  against  the  cap  and  not 
always  in  a  vertical  direction.  The  bearing 
shells  are  so  secured  in  the  housing  that  the 
point  of  pressure  on  both  ahead  and  astern  oper- 
ation is  as  nearly  midway  between  the  joint  faces 
as  practicable. 

Turbine  bearings  are  pressure  lubricated  by 
means  of  the  same  forced-feed  system  that  lu- 
bricates the  reduction  gear  bearings. 

Main  Thrust  Bearings 

The  main  thrust  bearing,  which  is  usually 
located  in  the  reduction  gear  casing,  serves  to 
absorb  the  axial  thrust  transmitted  through  the 
shaft  from  the  prqpeller. 

Kingsbury  or  pivoted  segmental  shoe  thrust 
bearinp  of  the  type  shown  in  figure  5-10  are 
commonly  used  for  main  thrust  bearings.  This 
type  of  bearing  consists  of  pivoted  segments  or 
shoes  (usually  six)  against  which  the  thrust 
collar  revolves.  Ahead  or  astern  axial  motion 
Of  the  shaft,  to  which  the  thrust  collar  is  se- 
cured, is  thereby  restrained  by  the  action  of  the 
thrust  shoes  against  the  thrust  collar.  These 
bearings  operate  on  the  principle  that  a  wedge- 
shaped  fUm  of  oU  is  more  readily  formed  and 
maintained  than  a  flat  fUm  and  that  it  can  there- 
fore carry  heavier  loads  for  any  given  size. 

m  a  segmental  pivoted-shoe  thrust  bearing 
upper  leveling  plates  upon  which  the  shoes  rest 
and  lower  leveling  plates  equalize  the  thrust 
l^d  among  the  shoes  (fig.  5-11).  The  base  ring, 
^ich  supports  the  lower  leveling  plates,  holds 
the  plates  In  place  and  transmits  the  thrust  on 
the  plates  to  the  ship's  structure.  Shoesupportt 
(hardened  steel  buttons  or  pivots)  located  be- 
tween the  shoes  and  the  upper  leveling  plites 
enable  the  shoe  segments  to  assume  the  angle 
required  to  pivot  the  shoes  against  the  upper 
leveling  plates.  Pins  and  dowels  hold  the  upper 
and  lower  leveling  plates  in  position,  aUowing 
ample  play  between  the  base  ring  and  the  plates 
to  ensure  freedom  of  movement  of  the  leveling 
plates.  The  base  ring  is  kept  fromturningby  its 
notched  construction,  which  secures  the  ring  to 
its  housing. 
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Figure  5- 10. -Kingsbury  pivoted-shoe  tlunist 
bearing. 

Main  Line  Shaft  Bedrings 

Bearings  which  support  the  propulsion  line 
shafting  and  which  are  located  inside  the  hull 
are  called  line  shaft  bearings.  8prln^.h»^rinp,, 
Of  line  bearingg.  These  bearings"l?r5rffii 
rlng-oued,  babbitt-faced,  spherical-seated, 
sheU  type.  Figure  5-12  iUustrates  the  arrange- 
ment of  a  line  shaft  bearing.  The  bearing  is 
desired  to  align  itself  to  support  the  weight 
of  the  shafting.  The  spring  bearings  of  all 
modern  naval  ships  are  provided  with  both  upper 
and  lower  self-aiigning  bearing  halves. 

Stern  Tube  and  Strut  Bearings 

The  stern  tube  is  a  steel  tube  buUt  Into  the 
ship  s  structure  for  the  purpose  of  supporting 
and  enclosing  the  propulsion  shafting  where  it 
pierces  the  hull  of  the  ship.  The  section  of  the 
Shafting  enclosed  and  supported  by  the  stem 
tube  is  called  the  stern  tube  shaft.  The  pro- 
peller shaft  is  supported  at  the  stern  by  two 
bearing,  one  at  each  end  of  the  stem  tube. 
These  bearings  are  called  stem  tube  bearings. 
A  packing  gland  known  as  the  stern  tube  gland 
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Figure  5-11,— Diagrammatic  arrangement  of  Kingsbury  ttirust  bearing. 
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is  located  at  the  inner  end  of  the  stem  tube. 
This  gland,  which  is  shown  in  figure  5-13,  seals 
the  area  between  the  shaft  and  the  stem  tube, 
but  still  allows  the  shaft  to  rotate. 

The  stuffing  box  of  the  stern  tube  gland  is 
flanged  and  bcflted  to  the  stem  tube.  The  casting 
is  divided  into,  two  annular  compartments.  The 
forward  space  is  the  stuffing  box  proper;  the 
after  space  has  a  flushing  connection  for  pro- 
viding a  positive  flow  of  water  through  the  stem 
tube  for  lubricating,  cooling,  and  flushing.  The 
flushing  connection  is  supplied  by  the  fire  and 
flushing  system.  A  drain  connection  may  be 
provided, 

A  strut  bearing  is  shown  in  figure  5-14;  The 
strut  bearing  has  a  compositionbushing^iAiichis 
split  longitudinally  Into  two  halves.  The  outer 
surface  of  the  bushing  is  machined  with  steps  to 
bear  on  matching  landings  in  the  bore  of  the 
strut.  One  end  is  bolted  to  the  strut. 


The  shells  of  both  stern  tube  and  strut  bear- 
ings are  of  bronze  lined  with  a  suitable  bearing 
wearing  material.  The  shells  are  normally 
grooved  longitudinally  to  receive  strips  of 
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Figure  5-12.— Line  shaft  bearing. 
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Figure  5.13.-Stern  tube  stuffing  box  and  ^d. 


laminated  resin  bonded  composition  or  strinaof 
composition  faced  with  rubber  or  Ty^c^ 
ber  compounds  as  wearing  materiaS^S- 

sheU  so  as  to  present  the  end  grain  to  thrshaft 

"KSe^'^^Sa^rj^^^^^^ 
PROPULSION  SHAFTING 

The  propulsion  shafting,  which  ranees  in 

S  f?!?  s?~;  *°  approximately  30  inchel^Sr 
]Sin^~°ZV  <»"»ers,  is  divided  into  four 
functional  sections:  the  thrust  shaft,  the  line 
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Figure  5-W.-Strut  bearing.  (A)  Longitudinal  cutaway  view  (m  , 
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water  outboard  couplings.  These  are  intended 
primarily  to  reduce  underwater  resistance.  The 
coupling  fairwaters  are  secured  to  both  the  shaft 
and  coupling  flanges  and  are  filled  with  tallow 
to  protect  the  coupling  from  corrosion. 

REDUCTION  GEARS 

Reduction  gears  are  used  in  many  propulsion 
plants  to  allow  both  the  prime  mover  and  the 
propeller  to  operate  at  the  most  efficient  speed. 
Reduction  gears  are  also  used  in  many  kinds  of 
auxiliary  machinery,  where  thDy  serve  the  same 
purpose.  Some  of  the  gear  fori  *s  commonly  used 
in  shipboard  machinery  are  shown  in  figure 
5-16. 

Reduction  gears  are  classified  by  the  number 
of  steps  used  to  bring  about  speed  reduction  and 
by  the  general  arraii^^ment  of  the  gearing.  A 
singte  reduction  gear  cr^nsists  of  a  small  pinion 
gear  which  is  driven  by  the  turbine  shaft  and  a 
large  main  gear  (or  bull  gear)  which  is  driven 
by  the  pinion.  In  this  type  of  arrangement,  the 
ratio  of  speed  reduction  is  proportional  to  the 
diameters  of  the  pinion  and  the  bull  gear.  In  a 
2  to  1  single  reduction  gear,  for  example,  the 
diameter  of  the  driven  gear  is  twice  that  of  the 
driving  pinion,  bi  a  10  to  1  single  reduction  gear, 
the  diameter  of  the  driven  gear  is  ten  times 
that  of  the  pinion. 

All  main  reduction  gearing  in  current  com- 
batant ships  makes  use  of  double  helical  gears 
(sometimes  referred  to  as  herringbone  gears). 


shaft,  the  stern  tube  shaft,  and.  the  propeller 
or  tail  shaft.  These  portions  ct  the  shafting  may 
be  seen  in  figure  5- IS. 

Segments  of  the  line  shaf^  and  the  thrust 
shaft  are  Joined  together  with  uitegral  flange- 
type  couplings.  The  stem  tube  skstt  is  Joined  to 
the  after  end  of  the  line  shaft  with  an  inboard 
stem  tube  coupling  which  has  a  removable  after- 
sleeve  flange.  The  tail  shaft  is  Joined  to  the 
stem  tiibe  shaft  by  a  muff -type  outboard  coup- 
ling. 

On  single-screw  ships,  theporticmottheout- 
bosird  shaft  which  turns  in  the  stem  tube  bearing 
is  normally  covered  with  a  shrunk-on  composi- 
tion sleeve.  This  is  done  to  protect  the  shaft 
from  corrosion  and  to  provide  a  suitable  Journal 
for  the  water-lubricated  bearings.  On  multiple- 
screw  ships,  these  sleeves  normally  cover  only 
the  bearing  areas;  on  such  ships,  the  eiqposed 
shafting  between  the  sleeves  is  covered  with 
synthetic  sheet  rubber  to  protect  the  shafting 
from  sea  water  corrosion. 

On  carriers  and  cruisers,  the  wet  shaftings 
that  is,  the  shafting  outboard  in  the  sea^is 
composed  of  three  sections:  a  tail  shaft,  an 
intermediate  or  dropout  section,  and  a  stem 
tube  section.  Integral  flanged  ends  of  these  sec- 
tions are  usually  used  for  Joining  the  sections 
together. 

Circular  steel  or  composition  shields  known 
as  fairwaters  are  secured  to  the  bearing  bush- 
ings of  the  stern  tube  and  strut  bearings  and  to 
both  the  forward  and  the  after  ends  of  the  under- 
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Figure  5.16.-Gear  forms  used  In  shipboard 
machinery. 

Double  helical  gears  have  smoother  action  and 
less  tooth  shock  than  single  reduction  gears. 
Since  the  double  helical  gears  have  two  sets  of 
teeth  at  complementary  angles,  end  thrust  (such 
M^Js^develpped  in  single  helical  gears)  is  pre- 

In  the  double  reduction  gears  used  on  most 
Ships,  a  high  speed'plnlon  which  Is  connected  to 
the  turbine  shaft  by  a  flexible  coupling  drives  an 
Intermediate  (first  reduction)  gear.  The  first 
reduction  gear  Is  connected  by  a  shaft  to  the 


low  speed  pinion  which  in  turn  drives  the  buU 
(second  reduction)  gear  mounted  on  the  pro- 
peUer  shaft.  If  we  suppose  a  20  to  1  speed  re- 
duction Is  desired,  this  could  be-  accomplished 
by  having  a  ratio  of  2to  1  between  the  high  speed 
pinion  and  the  first  reduction  gear  anda ratio  of 
10  to  1  between  the  low  speed  pinion  on  the  first 
reduction  gear  shaft  and  the  second  reduction 
gear  on  the  propeller  shaft. 

A  typical  double  reduction  gear  installation 
for  a  DD  692  class  destroyer  Is  shown  In  figure 
5-17.  In  this  type  of  installation,  the  cruising 
turbine  is  connected  to  the  high  pressure  turbine 
through  a  single  reduction  gear.  The  cruising 
turbine  rotor  carries  with  It  a  pinion  which 
drives  the  cruising  gear,  coupled  to  the  high 
pressure  turbine  shaft.  The  cruising  turbine 
rotor  and  pinion  are  supported  by  three  bear- 
ings, one  at  the  forward  end  of  the  turbine  and 
one  on  each  side  of  the  pinion  In  the  cruising 
reduction  gear  case. 

The  high  pressure  turbine  and  the  low  pres- 
sure turbine  are  connected  to  the  propeUer  shaft 
through  a  locked  train  double  reduction  gear  of 
the  type  shown  in  figure  5-18.  First  reduction 
pinions  are  connected  by  flexible  couplUigs  to 
the  turbines.  Each  of  the  first  reduction  pinions 
drives  two  first  reduction  gears.  Attached  to 
each  of  the  first  reduction  gears  by  a  quill  shaft 
and  flexible  couplings  (flg.  5-19)  is  a  second 
reduction  pinion  (low  speed  pinion).  These  four 
plnl(Mis  drive  the  second  reduction  gear  (buU 
gear)  which  Is  attached  to  the  propeUer  shaft. 

Locked  train  reduction  gears  have  the  advan- 
tage of  being  more  compact  than  other  types,  for 
any  given  power  rating.  For  this  reason,  aU  high 
powered  modern  combatant  ships  have  locked 
train  reduction  gears.  Another  type  of  reduction 
gearing,  known  as  nested  gearing.  Is  illustrated 
hi  figure  5-20.  Nested  gearing  Is  used  on  most 
auxUlary  ships  but  is  not  used  on  combatant 
ships.  As  may  be  seen,  the  nested  gearing  Is 
relatively  simple;  It  employs  no  quill  shafts 
and  uses  a  minimum  number  of  bearings  and 
flexible  couplings. 

FLEXIBLE  COUPLINGS 

Propulsion  turbine  shafts  are  connected  to 
the  reduction  gears  by  flexible  couplings  which 
are  designed  to  take  care  of  very  slight  mis- 
alignment between  the  two  units.  Most  flexible 
couplini^  are  of  the  gear  type  shown  in  flgure 
5-Zl.  The  coupling  consists  of  two  shaft  rings 
having  internal  gear  teeth  and  an  Internal 
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Figure  S-17.— Txirbines  and  locked  train  double  reduction  gearing  of  DD  692  class  destroyer. 
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floating  member  (or  distance  piece)  which  has 
external  teeth  around  the  periphery  at  each  end. 
The  shaft  rings  are  bolted  to  flanges  on  the  two 
shafts  to  be  connected;  the  floating  member  is 
placed  so  that  its  teeth  engage  with  those  of  the 
shaft  rings. 

erJc  1^5 


Cruising  turbine  couplings  which  transmit 
lower  powers  may  use  external  floating  mem- 
bers with  internal  teeth.  With  this  design,  the 
shaft  rings  become  spur  gears  with  external 
teeth  on  the  ends  of  the  pinion  shaft  and  turbine 
shaft.  Figure  S-22  shows  a  flexible  coupling  of 
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Figure  5.18.-Locked  train  double  reduction  gearing. 
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Figure  5-10. -Quiu  shaft  assembly. 
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Figure  5-20.--Nested  reduction  gekring. 


this  type  which  is  used  on  destroyers.  The 
cotipling  is  installed  bebveen  the  cruisingturbine 
reduction  gear  and  the  hi^  pressiure  turbine. 
In  this  cotqpling,  the  floating  member  isatrans- 
versely  split  sleeve  having  internal  teeth  which 
mesh  completely  with  the  external  teeth  of  the 
spur  gears  mounted  on  the  connected  shaft  ends. 


CARE  OF  REDUCTION  GEARS, 
SHAFTING  AND  BEARINGS 

The  main  reduction  gear  is  one  of  the  largest 
^  'A  most  e^qpensive  units  of  machinery  found  in 
tlie  engineering  department.  Main  reduction 
gears  that  are  installed  properly  and  qperated 
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Figure  5-21. -Gear-type  aexiUe  coupling. 

properly  will  give  years  of  satisfactory  service. 
However,  a  serious  casualty  to  main  reduction 
gears,  will  either  put  the  ship  out  of  commis- 
sion or  force  it  to  operate  at  reduced  speed. 
Extensive  repairs  to  the  main  reduction  gear 
cai  be  very  e3q[)ensive  because  they  usually 
have  to  be  made  at  a  shipyard. 

Some  things  are  essential  for  the  proper 
operation  of  reduction  gears.  Proper  lubrica- 
tion includes  supplying  the  required  amount  of 
oil  to  the  gears  and  beai^ings,  plus  keeping  the 
oil  clean  and  at  the  proper  teiiq[)erature.  Locking 
and  unlocking  the  ^^\gtt  must  be  done  in  ac- 
cordance with  the  m^jnitecturer's  instructions. 
Abnormal  noises  and  vibrations  must  be  inves- 
tigated and  corrective  action  taken.  Gears  must 
be  faaspected  in  accordance  with  the  current 
instructions  issued  by  NavSh^,  the  type  com- 
mander, or  other  proper  authority.  Preventive 
and  corrective  maintenance  nnist  be  conducted 
in  accordance  with  the  3-M  System. 

PROPER  LUBRICATION.*Lubricatlon  of 
reduction  gears  and  bearingi  is  of  the  utmost 
iaqportance.  The  correct  quantity  and  quality  of 
lubricating  oQ  most,  at  all  times,  be  available 
in  the  main  sunqp.  The  oU  must  be  CLEAN;  and 
it  must  be  supplied  to  the  gears  and  bearings  at 
the  preMur e  and  temperatmre  speclfled  the 
nianufaclurer» 

b  order  to  accomplish  proper  lidbrication  of 
gwrs  and  bearings,  several  eondttlons  nmst  be 
SMt  The  liibe  oO  service  ^bmp  must  deliver  the 
proper  discharge  mssure.  An  relief  valves  te 
tte  Itte  oO  system  must  be  set  toftmetion  at 
their  designed  pressure.  On  ADst  dUl6t  sh^w. 


each  bearing  has  a  needle  valve  to  control  the 
amount  of  oil  delivered  to  the  bearing.  On  newer 
ships,  the  quantity  of  oil  to  each  bearing  is  con- 
trolled by  an  orifice  in  the  supply  line.  The 
needle  valve  setttag  or  the  orifice  opening  must 
be  in  accordance  with  the  manufacturer's  in- 
structions or  the  supply  of  oil  will  be  affected. 
Too  small  a  quantity  of  oil  will  cause  the  bear- 
\ng  to  run  hot.  If  too  much  oU  is  delivered  to 
the  bearing,  the  excessive  pressure  may  cause 
the  oil  to  leak  at  the  oil  seal  rings.  Too  much 
oil  may  also  cause  a  bearing  to  overheat. 

Lube  oil  must  reach  the  bearing  at  the  proper 
temperature.  If  the  oil  is  too  cold,  one  of  the 
effects  is  insufficient  oil  flow  for  cooling  pur- 
poses. If  the  oil  supply  is  too  hot,  some  lubri- 
cating capacity  is  lost. 

For  most  main  reduction  gears,  the  normal 
temperature  of  oil  leaving  the  lube  oU  cooler 
should  be  between  120*"  F  and  ISO^'F.  For  ftill 
power  operation,  the  temperature  of  the  oU 
leaving  the  bearings  should  be  between  140'' F 
and  leO^'F.  The  maximum  TEBJPERATURE  RISE 
of  oil  passing  throu^  any  gear  or  bearing,  under 
any  operating  conditions,  should  not  exceed  50 ''F; 
and  the  final  tenq)erature  of  the  oil  leaving  the 
gear  or  bearing  should  not  exceed  ISO^'F.  This 
temperature  rise  and  limitation  may  be  deter- 
mined by  installed  thermometers  or  resistance 
temperature  elements. 

Cleanliness  of  lubricating  oil  cannot  be  over- 
stressed.  Oil  must  be  free  from  impurities,  such 
as  water,  grit,  metal,  and  dirt.  Particular  care 
must  be  taken  to  clean  out  metal  flakes  and  dirt 
ii^n  new  gears  are  wearing  in  or  trtien  gears 
have  been  opened  for  hispection.  Lint  or  dirt,  if 
left  In  the  system  may  clog  the  oil  spray  noz- 
zles. The  spray  nosales  must  be  keptopenat  aU 
times,  l^ray  nozzles  must  never  be  altered  with- 
out the  authorization  of  the  Naval  Ship  Sfystems 
Command. 

The  lube  oil  strafaiers  perform  satlsfkctoray 
under  normal  operatbig  conditions,  but  they  can- 
not tnp  particles  of  metal  and  dirt  vAlch  are 
fine  enough  to  pass  throu^  the  mesh.  Theseflne 
particles  can  become  embedded  in  the  bearing 
metal  and  cause  wear  on  the  bearings  and 
Journals.  These  fine  abrasive  particles  passing 
through  the  gear  teeth  act  like  a  lapping  com- 
pound and  remove  metal  from  the  teeth. 

LOCKINO  AND  UNLOCKING  THE  MAIN 
flHAFT.-b  an  emergency,  or  hi  the  event  of  a 
^raaty  to  the  main  propiilslon  matJJnery  of  a 
torbfaWMlriven  Mp,  it  may  be  necessary  to  stop 


ERIC 


w  ICS 


104 


Chapter  S^FUNDAMENTALS  OF  SHIP  PROPULSION  AND  STEERING 


OIL  OUTLET  OIL  OUTLET 


HUB  GEAR 


OIL 
INLET 
H.  P.  TURBINE 
SHAFT 


SETSCREW 

LOCK  NUT 


HOLES  FOR  JACKING 
(USE  COUPLING  BOLT) 


SECTION  A-A 


47.33 


Figure  5<^22.^Flexible  coupling  between  cruising  gear  and hii^ pressure  turbine. 


and  lock  a  propeller  shaft  to  prevent  damage  to 
the  machinery.  WheA  the  shaft  is  stcipped,  en- 
gaging the  turning  gear  and  then  appljring  the 
brake  is  the  mpst  expeditious  means  of  locking 
a  propeller  shaft  while  under  way. 

By  carrying  out  actual  drills^  englneroom 
personnel  shoulcl  be  trained,  to  safely  lock  and 
unlock  the  main  shaft.  Each  steaming  watch 
should  have  sufficient  trained  personnel  avail-" 
able  to  stop  and  lock  the  main  shaft. 

CAUTION:  During  drills  the  shaft  shooldnot 
be  locked  more  than  5  minutes,  if  pob«^iUe.  The 
ahead  throttle  should  NEVER  be  opened  irtien  the 
turning  gear  is  engaged.  The  torque  produced  Iqr 
the  ahead  engines  is  In  the  same  direction  as  the 
torque  of  the  locked  shaft;  to  open  tte  ahead 
throttle  would  result  In  damage  to  the  turning 
gear. 

The  maximum  safe  operating  speed  at  ashtp 
wtth  a  locted  shaft  can  be  found  Inthe  manutec- 
tnrer's  technical  manual.  Additional  Informatioti 
on  the  safe  nuttUnum  speed  that  your  sh^p  can 
steam  wtth  a  locked  shaft  can  be  f  oiind  in 
ahips  Technical  Mtonal.  chap^  9410.  S  the 
shaft  MuilieMi  locked  for  SmtanSsomiore,  the 
tarUne  rotors  may  have  beccmie  bowled,  and 
special  precatitloiis  are  recommended*  Before 
the  rtaft  is  allowed  to  turn,  men  should  be  sta- 


tioned at  the  turbines  to  check  for  unusual 
noises  and  vibraticm.  When  the  turning  gear  is 
disengaged,  the  astern  throttle  should  be  slowly 
closed,  the  torque  produced  by  the  propeller 
passing  throu^  the  water  will  start  the  shaft 
rotating.  If,  when  the  propeller  starts  to  turn, 
vibration  indicates  a  bowed  rotor,  the  ship's 
speed  should  be  reduced  to  the  point  where  little 
or  no  vibration  of  the  turbine  is  noticeable  and 
this  speed  should  be  maintained  until  the  rotor 
is  straightened.  If  operation  at  such  a  slow 
speed  is  not  practicaUe,  the  turbines  should  be 
slowed  by  use  of  the  astern  throttle,  tbthe  point 
of  least  vibration  but  with  the  turbines  still 
operating  In  the  ahead  direction.  When  the  tur- 
bines are  slowed  to  the  point  of  little  or  no 
vibration^  the  shaft  shoiild  be  operated  at  that 
speed  and  the  ahead  throttle  should  be  opened 
slig^y  to  permit  some  steam  flow  throo^  the 
affected  tmrblne.  The  heat  from  the  steam  will 
warm  the  shaft  and  aid  in  straightening  It.  Low- 
ering the  main  condenser  vacuum  win  add  addi- 
tional heat  to  the  tHrtrines;  this  win  increase  the 
eahauit  pressure  and  temperature. 

As  the  vibration  decreases,  the  astern 
throttle  can  be  cloMd  gradually,  anowing  the 
qpeed  of  the  shaft  to  taicrease.  The  shaft  qpeed 
irtioidd  be  Increased  doidy  and  a  cbetk  for 
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vibration  should  be  maintained.  The  turbine  is 
not  ready  for  normal  operation  until  vibration 
hao  disappeared  at  all  possible  speeds. 

NOISES  AND  VIBRATION.-On  steam- 
turbine  driven  ships,  noises  may  occur  at  low 
speeds  or  when  maneuvering,  or  when  passing 
through  shallow  water.  Generally,  these  noises 
do  not  result  from  any  defect  in  the  propulsion 
machinery  and  will  not  occur  during  normal 
operation.  A  rumbling  sound  which  occurs  at 
low  shaft  rpm  is  generally  due  to  the  low  pres- 
sure turbine  gearing  floating  through  its  back- 
lash. This  condition  has  also  been  experienced 
with  cruising  reduction  gears.  The  rumbling  and 
thumping  noises  which  may  occur  during  maneu- 
vering or  during  operation  in  shallow  water,  are 
caused  by  vilnrations  initiated  by  the  propeller. 
These  noises  referred  to  are  characteriatic  only 
of  some  ships  and  should  be  regarded  as  normal 
sounds  for  these  units.  These  sounds  will  dis- 
appear with  a  change  of  propeller  rpm  or  when 
the  other  causes  mentioned  are  no  longer 
present.  These  noises  can  usually  be  noticed  in 
destroyers  when  the  ship  is  backing,  especially 
in  choppy  seas  or  in  ground  swells. 

A  properly  operating  reduction  gear  has  a 
definite  sound '  which  an  eiqperienci'tl  watch- 
stander  can  easily  learn  to  recognize.  At  de- 
ferent speeds  and  under  various  operath^g 
conditions,  the  operator  should  be  familiar  with 
the  normal  operating  sound  of  the  reduction 
gears  on  his  ship. 

IT  any  abnormal  sounds  occur,  an  investiga- 
tion should  be  nuule  immediately,  b  making  an 
investigation,  much  will  depend  on  how  the  oper- 
ator interprets  the  sound  or  noise. 

The  lube  oil  temperature  and  pressure  may 
or  may  not  help  an  operator  determine  the 
reasons  for  the  abnormal  sounds.  A  badly  wiped 
bearing  may  be  indicated  by  a  r^>id  rise  in  oil 
temperature  for  the  individual  bearing.  A  certain 
sound  or  noise  may  Indicate  misalignment  or 
improper  meshing  of  the  gears.  S  unusual 
sounds  are  causei  by  misalignment  of  gears  or 
foreign  matter  passing  through  the  gear  teeth, 
the  shaft  abould  be  stopped  and  a  thorough  in- 
vestigation should  be  made  before  the  gears  are 
operated  again. 

For  a  wiped  bearing,  or  any  other  bearing 
casualty  that  has  caused.a  very  high  tenqpera- 
ture,  this  procedure  should  be  followed:  ff  the 
temperature  of  the  lube  oil  leaving  any  bearing 
has  exceeded  the  permissible  limits,  slow  or 
stop  the  unit  and  Inspect  the  bearing  for  wear. 


The  bearing  may  be  wiped  only  a  small  amoimt 
and  the  shaft  may  be  operated  at  a  reduced  speed 
until  the  tactical  situation  allows  sufficient  time 
to  inspect  the  bearing. 

The  most  common  causes  of  vibration  in  a 
main  reduction  gear  installation  are:  faulty 
alignment,  bent  shafting,  damaged  propellers, 
and  improper  balance. 

A  gradual  increase  in  the  vibration  in  a  main 
reduction  gear  that  has  been  operating  satisfac- 
torily for  a  long  period  of  time  can  usually  be 
traced  to  a  cause  outside  of  the  reduction  gears. 
The  tinrbine  rotors,  rather  than  the  gears,  are 
more  likely  to  be  out  of  balance. 

When  reduction  gears  are  built,  the  gears 
are  carefully  balanced  (both  statically  and  dy- 
namically). A  small  amount  of  unbalance  in  the 
gears  will  cause  unusual  noise,  vibration,  and 
abnormal  wear  of  bearings. 

When  the  ship  has  been  damaged,  vibraticmof 
the  main  reduction  gear  installaticm  may  result 
from  misalignment  of  the  turbine,  the  main 
shafting,  the  main  shaft  bearings,  or  the  main 
reduction  gear  foundation.  When  vibration  occurs 
within  the  main  reducticm  gears,  damage  to  the 
propdler  should  be  one  of  the  first  things  to  be 
considered.  The  vulnerable  positim  of  the  pro- 
pellers makes  them  more  liable  to  damage  than 
other  parts  of  the  jAant.  Bent  or  broken  pro- 
peller blades  will  transmit  vibration  tothemain 
reduction  gears.  Propellers  can  also  become 
fouled  with  line  or  caUe  which  will  cause  the 
gears  to  vibrate.  No  reduction  gear  vibration 
is  too  trivial  to  overlook.  A  comidete  investiga- 
tion should  be  made,  preferably  by  a  shipyard. 

MAINTENANCE  AND  INSPECTION. --Under 
normal  conditions,  major  repairs  and  major 
items  of  maintenance  on  main  redaction  gears 
should  be  acconoplished  by  a  sh^iyard.  When 
a  ship  is  deployed  overseas  and  at  other  times 
when  shipyard  facilities  are  not  available,  emer- 
gency repairs  should  be  acconqfilished,  if  pos- 
sible, by  a  repair  stdp  or  an  advanced  base. 
Inspections,  checks,  and  minor  rej^Urs  should 
be  accomplished  by  sh^'s  force. 

Under  normal  conditions,  the  main  reduction 
gear  brarings  and  gears  will  operate  for  an  in- 
definite  period.  S  abnormal  concBtions  occur, 
the  sh^nrard  will  normaUy  perf<nrm  the  repairs. 
fl|Mures  are  carried  aboard  sufficient  to  replace 
50  percent  of  the  number  of  bearings  installed 
in  tlie  main  reduction  gear.  Usually  each  bearing 
is  interchangeable  for  ttm  starboard  or  port  in- 
staUaftion.  The  manufactmrer's  technical  mannal 
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mu8t  be  checked  to  determine  interchangeability 
of  gear  bearings. 

Special  tools  and  equipment  needed  to  lift 
main  reduction  gear  covers,  to  handle  the  quill 
shaft  when  removing  bearings  from  it,  and  to 
take  reqpiired  readings  and  measurements,  are 
normally  carried  aboard.  The  special  tools  and 
equipment  should  always  be  aboard  in  case 
emergency  repairs  have  to  be  made  by  repair 
ships  or  bases  not  required  to  carry  these  items. 

The  manufacturer's  tedmical  manual  is  the 
best  source  of  information  concerning  repairs 
and  maintenance  of  any  specific  reduction  gear 
installation.  Chapters  9420,  9430,  and  9440  of 
NavShips  Technical  Manual  gives  the  inspection 
requirements  for  reduction  gears,  shafting, 
bearings,  and  propellers. 

The  Inspections  mentioned  here  are  the  mini- 
mum requirements  only.  Where  defects  are  sus- 
pected, or  operating  conditions  so  indicate,  in- 
spections should  be  made  at  more  frequent 
intervals. 

To  open  any  inspection  plates  or  other  fit- 
tings of  the  main  reduction  gears,  permission 
should  first  be  obtained  from  the  engineer  of- 
ficer. Before  rq^lacing  an  inspection  plate, 
connection,  or  cover  which  permits  access  to 
the  gear  casing,  a  careful  inspection  shall  be 
made  by  an  officer  of  the  engineeringdeputment 
to  ensure  tliat  no  foreign  matter  has  entered  or 
remains  in  the  casing  or  oil  lines.  Stlie  work  is 
being  done  by  a  repair  activity,  an  officer  from 
the  repair  activity  must  also  inspect  the  gear 
easing.  An  entry  of  the  Inspections  andthename 
of  the  officer  or  officers  must  be  made  in  the 
Engineering  Log.  The  Inspections  required  on 
the  main  engine  reduction  gears  are  shown  on 
the  Maintenance  Index  Page,  flgure  5-23. 

The  Importance  of  proper  gear  tooth  contact 
cannot  be  overemphasised.  Any  abnormal  con- 
dition wiiich  may  be  revealed  by  operational 
sounds  or  by  bispections  should  be  corrected 
as  soon  as  possible.  Any  abnormal  condition 
which  is  not  corrected  will  cause  excessive  wear 
which  may  result  in  general  disintegration  of  the 
tooth  siBiiaces. 

if  inroper  tooth  contact  Is  cMalned  when  the 
gears  are  instaned,  Ittae  wear  of  teeth  will 
occur.  Eteesstve  wear  cannot  take  place  wtthoot 
metaUie  contact.  Proper  dearances  and  ade- 
qoate  lubrication  wQI  prevent  ibost  gear  tooth 
traoUe. 

S  proper  contact  is  obtalnsrt  when  the  gears 
are  instaUed,  the  Initial  wearmg^  which  takes 
place  nder  condBlops  of  normal  load  and  ade- 
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quate  lubrication,  will  smooth  out  rough  and 
uneven  places  on  the  gear  teeth.  Tills  initial 
wearing-in  is  referred  to  as  NQR&IAL  WEAR 
or  RUNNING  IN.  As  long  as  operating  condi- 
tions remain  normal,  noftirtherwear  will  occur. 

Small  shallow  pits  starting  near  the  pitch 
line,  will  frequently  form  duringthe  initial  stage 
of  operation;  this  process  is  called  INITIAL 
PITTING.  Often  the  pits  (about  the  size  of  a 
pinhead  or  even  smaller)  can  be  seen  only  under 
a  magnifying  8^8*  These  pits  are  not  detri- 
mental and  usually  disappear  in  the  course  of 
normal  wear. 

Pitting  which  is  progressive  and  continues 
at  an  increasing  rate  is  known  as  DESTRUCTIVE 
PITTING.  The  pits  are  fairly  large  and  are  rel- 
atively deep.  Destructive  pitting  is  not  lUcely  to 
occur  under  proper  operating  condi^'ions,  Init 
could  be  caused  hj  excessive  loading,  too  soft 
material,  or  inqiroper  lubrication.  It  is  usually 
found  that  this  type  of  pitting  is  due  to  misalign- 
ment or  to  improper  lubrication. 

The  condition  in  wUch  groups  of  scratches 
appear  on  the  teeth  (from  the  bottom  to  the  top 
of  tlie  tooth)  is  termed  abrasion,  or  scratching. 
It  may  be  caused  Iqr  inadequate  lubrication,  or 
by  tlie  presence  of  foreign  matter  in  tlie  lubri- 
cating oil.  When  abrasion  or  scratching  is  noted, 
tlie  lubricating  system  and  the  gear  spray  fix- 
tures should  immediately  be  examined.  B  it  is 
found  that  dirty  oU  is  responsible,  tlie  system 
must  be  thoroug^y  cleaned  and  the  whole  charge 
of  oil  centrlftiged. 

The  term  "scoring''  denotes  a  general  rough- 
ening of  the  whole  tooth  surface.  Scoring  marks 
are  deeper  and  more  pronounced  than  scratching 
and  they  cover  an  area  of  the  tooth,  instead  of 
occurring  haphazardly,  as  In  scratching  or  abra- 
sion. Small  areas  of  scoring  may  occur  In  the 
same  position  on  all  teeth.  Scoring,  with  proper 
alignment  and  operation,  usually  results  frcmi 
inadequate  lubrication,  and  is  intenstfled  by  the 
use  of  dirty  oQ.  B  these  conditions  are  not  cor- 
rected, continued  operation  wQI  result  in  a  gen- 
eral dislntegratlan  of  the  tooth  surfaces. 

Dnder  normal  conditions  all  alignment  in- 
mwctions  and  diedcs,  plus  the  necessary  re- 
piors,  are  accomplished  by  naval  shipyards. 
Ibeorrect  alignment  wQl  be  indicated  by  ab- 
normal vltntlfltty  isMisiial  noise,  and  wearof  ttie 
flexlhle  cnnpltngs  ornainreddctlon  gears.  When 
misalignment  is  infflcated,  a  detailed  inqwction 
riioald  be  made  by  shipyard  per  sound. 

Two  sets  of  r emflngs  are  required  to  get  an 
accurate  chedk  of  the  propulsion  shafting*  One 
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set  of  readings  is  taken  with  the  ship  in  drydock 
and  another  set  of  readings  is  taken  with  the 
ship  waterborne— under  normal  loading  condi- 
tions. The  main  shaft  is  disconnected,  marked, 
and  turned  so  that  a  set  of  readings  can  be  taken 
in  four  different  positions.  Four  readings  are 
taken  (top,  bottom,  and  both  sides).  The  align- 
ment of  the  shaft  can  be  determined  by  studying 
the  different  readings  taken.  The  naval  shipyard 
will  decide  whether  or  not  corrections  in  align- 
ment are  necessary. 

NOTE:  During  shipyard  overhauls,  the  following 
inspections  should  be  made: 

a«  Inspect  condition  and  clearance  of  thrust 
shoes  to  ensure  proper  position  of  gears.  Blow 
out  thrusts  with  dry  air  after  the  inspection. 
Record  the  readings.  Inspect  the  thrust  collar, 
nut,  and  locking  device. 

b.  If  turbine  coupling  inspection  has  indicated 
undue  wear,  check  alignment  between  pinions  and 
turbines. 

c.  Clean  oil  sump. 

When  conditions  warrant  6r  If  trouble  is  sus- 
pected, a  work  request  may  be  submitted  to  a 
naval  shipyard  to  perform  a  "seven  year"  In- 
apectioa  of  the  main  reduction  gears.  This 
inspection  includes  clearances  and  condition  of 
bearings  and  Journala;  alignment  checks  and 
readings;  and  any  other  tests,  tn^ections,  or 
maintenance  work  that  may  be  considered  neces- 
sary. 

Naval  Ship  Systems  Command  anthorisation 
is  not  necessary  for  llftbig  reduction  gear 
covers.  Covers  should  be  lifted  when  trooble  is 
suqieeted.  An  open  gear  case  ism  serious  hanrd 
to  the  main  pbut,  therefore,  careftal  considera- 
tion of  the  dangers  of  uncovering  a  gear  case 
nmst  be  Glanced  against  the  r>*asons  for  sus- 
pecting internal  trooHe,  before  deciding  to  lift 
the  fear  cuse.  The  sevm»year  Interval  may  be 
extended  by  Qie  type  cnminauder  If  coialHIons 
indicate  thai  a  longer  period  beiweeu  Inflec- 
tions IS  desirable. 

Tlie  correction  of  any  defects  disclosed  by 
regoisr  tests  and  Inapeetioos,  and  the  observ* 
ancs  of  the  ■im'"rTi'*'"  i*"'*'  instrocttons,  sfcduld 
enssre  that  the  gears  sre  rea4^  for  ftdl  power 
al  all  times. 

to  inspections  wnicn  may  ne 


dirscted  by  proper  antborfty,  open  the 
ticn  pistes,  sBdtthie  Oe  tooth  ( 
Atkm  of  testh,  and  tte  operallon  of  the  spray 


nozzles.  R  is  not  advisable  to  open  gear  cases, 
bearings,  and  thrusts  immediately  BEFORE  full 
power  trials. 

In  addition  to  the  inspections  which  may  be 
directed  by  proper  atithority,  open  the  inspection 
plates,  and  examine  the  tooth  contact  andthe  con- 
dition of  the  teeth  to  note  changes  that  may  have 
occurred  during  the  full  power  trials.  Running 
for  a  few  hours  at  high  power  will  show  any  pos- 
sible condition  of  improper  contact  or  abnormal 
wear  that  would  not  have  shown  up  in  months  of 
operation  at  lower  p  ;wer.  Check  the  clearance 
of  the  main  thrust  bearing. 

SAFETY  PRECAUTIONS 

The  following  precautions  nmst  be  observed 
by  penonnel  operating  or  working  with  propul- 
sion equipment. 

1.  B  there  is  churning  or  emulsification  of 
oU  and  water  in  the  gear  case,  the  gear  must  be 
slowed  down  or  stopped  until  the  defect  is  rem- 
edied. 

2.  It  the  sqnply  of  oU  to  the  gear  fails,  the 
gears  should  be  stopped  until  the  cause  can  be 
located  and  remedied. 

3.  When  liearings  have  been  overheated, 
gears  should  not  be  operated,  except  in  extreme 
emergencies,  until  bearings  have  been  examined 
and  defects  remedied. 

4.  ff  ncessive  flaking  of  metal  from  the 
gear  teeth  occurs,  the  gears  should  not  be  ad- 
Justed,  except  In  an  emergency,  until  the  cause 
has  been  determined* 

5.  Unusoal  noises  should  be  Investigated  at 
once,  and  the  gears  should  be  operated  cautiously 
untU  the  cause  for  the  noise  has  been  discovered 
and  remedied. 

6.  Nb  Inspection  plate,  connection,  fitting,  or 
cover  whidi  permits  access  to  the  gear  casing 
should  be  removed  without  specific  authorisa- 
tion by  tte  imgineer  oCncer. 

7.  The  tmmedlafte  vicliidty  of  an  inflection 
plate  sfaocdd  lie  fcqpt  free  from  paint  and  Art. 

8.  When  gear  cases  are  open,  precautions 
shoidd  be  taken  to  preveol  flie  entry  of  foreign 
matter.  The  openings  should  never  be  left  un- 
attended untess  satisfiactory  temporary  closares 
have  been  Installed^ 

9.  Lifting  devices  slioiild  lie  Inspected  care- 
fkdly  taefors  being  osed  and  should  not  be  over- 


10.  When  Mfm  are  anchored  In  localfties 
where  there  are  strong  cut' tents  or  tides. 
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precautions  should  be  taken  to  lock  the  main 
Shalt. 

11.  Where  the  rotation  of  the  propellers  may 
result  in  injury  to  a  diver  over  the  side,  or  in 
damage  to  the  equipment,  propeller  shafts  should 
be  locked. 

12.  When  a  ship  is  being  towed,  the  propellers 
should  be  locked,  unless  it  is  permissible  and 
advantageous  to  allow  the  shafts  to  trail  with  the 
movement  of  the  ship. 

13.  When  a  shaft  is  allowed  to  turn  or  trail, 
the  lubrication  system  must  be  In  operation.  In 
addition^  a  careful  watch  should  be  kept  on  the 
temperature  within  the  low  pressure  turbine 
casing  to  see  that  windage  temperatures  cannot 
be  built  up  to  a  dangerous  degree.  This  can  be 
controlled  either  by  the  speed  of  the  ship  or  by 
maintaining  vacuum  in  the  main  condenser. 

14.  The  main  propeller  shaft  must  be  brought 
to  a  conqflete  stop  before  the  dutch  of  the  turn- 
ing gear  is  engaged.  (If  the  shaft  is  turning, 
considerable  damage  to  the  turning  gear  will 
result.) 

15.  When  the  turning  gear  is  engaged,  the 
brake  must  be  set  quicMy  and  securely  to  pre« 
vent  the  shaft  turning  and  damaging  the  turning 
gear. 
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16.  When  a  main  shaft  is  to  be  unlocked,  pre- 
cautions must  be  taken  to  disengage  the  Jacking 
gear  clutch  before  releasing  the  brake.  U  the 

:  brake  is  released  first,  the  main  shaft  may 
begin  to  rotate  and  cause  injury  to  the  turning 
gear  and  to  personnel. 

17.  In  an  emergency,  \9here  the  ship  is  steam- 
ing at  a  highspeed,  the  main  shaft  can  be  stopped 
and  held  stationary  by  the  astern  turbine  until 
the  ship  has  slowed  down  to  a  speed  at  which 
the  main  shaft  can  be  safely  locked. 

18.  Where  there  Is  a  limiting  maximum  safe 
\   speed  at  which  a  ship  can  steam  with  a  locked 

propeller  shaft,  this  speed  should  be  known  and 
should  not  be  exceeded* 

i 

19.  Before  the  turning  gear  Is  engaged  and 
started,  a  check  should  be  made  to  see  that 
the  turning  gear  Is  properly  lubricated*  Some 
ships  have  a  valve  In  the  oil  supply  line  leadUig 
to  the  turning  gear.  The  operator  should  see 
that  a  lube  oil  service  pump  Is  In  operation  and 
that  the  proper  oil  pressure  Is  being  supidledto 
the  turning  gear  before  the  motor  Is  started. 

t      20.  ft  should  be  definitely  determined  that 
'  the  turning  gear  has  been  disengaged  before  the 
main  engines  are  turned  over. 

21.  While  working  on  or  inspecting  open  main 
reduction  gears,  the  person  or  persons  per- 
forming the  work  should  not  have  any  article 
about  their  person  which  may  accidentally  bdl 
mto  ttie  gear  case. 

22.  Tboto,  lights,  mirrors,  etc.  used  for 
working  on  or  Inspecting  gears,  bearings,  etc. 
should  be  lashed  and  secured  to  prevent  acci- 
dental dropping  into  the  gear  case. 


STEERING 

As  noted  at  the  beginning  of  this  chapter,  the 
direction  of  movement  of  a  ship  is  controlled 
partly  by  steering  devices  which  receive  their 
power  from  steering  engines  and  partially  by 
the  arrangement,  speed,  and  direction  of  rota- 
tion of  the  ship's  propellers. 

The  steering  device  Is  called  a  rudder.  The 
rudder  Is  a  more  or  less  rectangular  metal 
blade  (usually  hollow  on  large  ships)  which  is 
siqpported  by  a  rudder  stock.  The  rudder  stock 
enters  the  ship  through  a  rudder  post  and  a 
watertlg^  fitting,  as  shown  in  figure  5-24.  A 
yoke  or  quadrant,  secured  to  the  head  of  the 
rudder  stock,  transmits  the  motion  Inqparted  by 
tlie  steering  mechanism. 

Basically,  a  ship's  rudder  Is  used  to  attain 
and  maintain  a  desired  heading.  The  force 
necessary  to  acconq;)llsh  this  is  developed  by 
dynamic  pressure  against  the  flat  surface  of  the 
rudder.  The  magnitude  of  this  force  and  the 
direction  and  degree  to  which  it  is  tqnplled  pro- 
duces the  rudder  effect  which  controls  stem 
movement  and  thus  controls  the  ^p's  heading. 

hi  order  to  Amotion  most  effectively,  a  rudder 
should  be  located  aft  of  and  quite  dose  to  the 
propeller.  Many  modem  sh^is  have  twin  rud- 
ders, each  set  directly  behind  a  propeller  to 
receive  the  ftdl  tinrust  of  water.  This  arrange- 
ment tends  to  make  a  ship  higtilymaneuverable. 

Three  types  of  rodders  are  in  general  use— 
the  unbalanced  rudUer,  the  semlbalanced  rodder, 
and  the  balanced  rodder.  These  three  types  are 
fllostrated  In  figure  5-25.  Other  types  of  rod« 
ders  are  also  In  naval  use.  Far  example,  some 
ships  have  a  triple-blade  rodder  Which  provides 
an  hicreased  effective  rudder  area. 
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CHAPTER  6 

THEORY  OF  LUBRICATION 


Lubrication  reduces  friction  between  moving 
parts  by  substituting  fluid  friction  for  solid  fric- 
tion. Without  lubrication,  it  is  difficult  to  naove  a 
hundred-pound  wight  across  a  rough  surface; 
with  lubrication,  and  with  proper  attention  to  the 
design  of  bearing  surfaces,  it  Is  possible  to  move 
a  mllUon-pound  load  with  a  motor  ttat  Issmall 
enough  to  be  held  In  the  hand.  By  reducing 
frlcti«»,  thereby  reducing  the  amount  of  energy 
that  18  dissipated  as  heat,  iBtorlcatlon  reduces 
the  amount  of  energy  required  to  perform  me- 
chanical actions  and  also  reduces  the  amount 
of  energy  that  is  dissipated  as  heat. 

Lubrication  is  a  matter  of  vital  Importance 
throughout  the  shlpboaid  englneerlngplant.  Mov- 
ing surfaces  must  be  steadtty  suppUed  with  the 
proper  kUids  of  Itibrlcants,  lubricants  must  be 
maintained  at  specified  standards  of  purity,  and 
designed  pressures  and  temperatures  ™*dc 
maintained  in  the  li*rlcatlon  systems.  ™w« 
adequate  lubrication,  a  good  maay  units  ol  sWp- 
boari  machinery  would  quite  ItteraUy  grind  to 

a  screeching  halt.  -wwAnarrf 
The  lArlcatlon  requirements  of  swpboara 
machinery  are  met  in  varlons  ways,  depending 
MKn  the  nature  of  the  machinery.  TWs  cl^ter 
deals  with  lT*ricatlon  In  general-wttt  baste 
principles  of  Wbrlcatlon,  with  Wbrlcants  used 
Sboaid  ship,  and  with  the  sWpboaid  devices  used 
to  maintain  lubricating  oils  In  the  re<piired  con- 
dition ol  purity.  The  separate  hibrlcatton  sya- 
tems  that  are  Installed  for  manysMpboardunils 
are  dlscnssed  In  other  chapters  d  tWs  text. 
FRICnOR 

The  frtcuon  th*l  e«lsts  between  a  *w>y  «t 
rest  and  the  sorftee  upon  wMdi  It  rests  caned 

^Tt**"  ff^um.  The  frtcUon  that  eUstsb^ween 

movtaig  bodies  (or  between  i^^'SSE^SStSn 
a  auuuuaiy  surfwee)  is  called  kinetic  friction. 
StaUc  friction,  which  must^be uvercoro  top* 
any  body  in  motian,  Is  greater  fSmn  Wneuc 


friction,  which  must  be  overcome  to  keep  the 

^^rriT  three  types  of  "netlc  m<^- 
Sliding  friction,  roUlng friction, 
Mn^^idina  friction  exists  when  the  «ffface  ol 
(H^slld  bSdy  IS  moved  across  the  "urfkce  ol 
S^soSSbody.  R^lngfrl^exlstswhen 
r^ed  body  such  as  a  c;^^?'^^'^^^^ 
roSsupon  a  flat  or  curved  surface.  FluMfrictioo 
StoeTSlstance  to  motion  exhibited  by  a  nuli 
Hold  friction  exists  because  of  the  S.^SlS5 
between  particles  of  the  fluid  and  8^^^ 
of  fluid  parUcles  to  the  object  or  medium  which 
is  tending  to  move  the  fluid.  If  a  paddle  Is  used 
to  stir  a  fluid,  Ibr  example,  «»  ^ohertve  fowes 
between  the  molecules  of  the  fluid  tend  to  hold 
the  mdecules  together  and  thus  prevent  motion 
of  the  fluid.  Atthe  same  time,  the  adhesive  forces 
of  the  molecules  ol  the  fluid  c«»«  **fJJ;^ 
adhere  to  the  paddle  and  thus  crwtefrlctlonbe- 
twcen  the  paddle  and  the  ftaW.  Cohesion  Isthe 
molecuUr  attraction  between  particles  that  t»ds 
to  hold  a  «*8tance  or  a  ^^^rtoffrther;  adte 
is  themolecutarattractlonbetweenparttclwt^^ 
tends  to  cause  uhltte  sarfiices  to  stlcktogether. 
^  the  potat  of  view  of  liArlcatlon,  adhesion 
18  the  property  of  a  itibrlcant  that  w^es  it  to 
Sick  (rS^ire)  to  the  i«rts  being  l*ric^^^ 
cohesion  is  the  property  wWch ^rt" 
cant  together  and  enables  It  to  reslstbreakdown 
under  pressure.  „, 
Cohesion  and  adhesion  are  possessed  by  dif- 
ferent materials  In  widely  varying  «»egree8.  to 
l^nO,  srtld  bo«es  are  hlgUy  cohesive  but 

faS^y  aAeslve  bat  only  SUgjhtly  cohesive;  tow^ 
the  adhesHe  and  cohesive  properties  ol 
ffaidds  vary  considerably. 


FLUID  LUBRICATION 

nuld  WMrtcaUon  is  based  on  ^e  actaaT 
aratlon  d  surfwws  so  thst  no  metal-to-metai 
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contact  occurs.  As  long  as  the  lubricant  film 
remains  unbroken,  sliding  friction  and  rolling 
friction  are  re].)laced  by  fluid  friction. 

In  any  process  involving  friction,  some  power 
is  consumed  and  some  heat  is  produced.  Over- 
coming sliding  friction  consumes  the  greatest 
amount  of  power  and  produces  the  greatest 
amount  of  heat.  Overcoming  rollingfriction  con- 
sumes less  power  and  produces  less  heat. Over- 
coming fluid  friction  consumes  the  least  power 
and  produces  the  least  amount  of  heat. 

LANGMUIR  THEORY 

A  presently  accepted  theory  of  lubrication  is 
based  on  the  Langmuir  theory  of  the  action  of 
fluid  films  of  oil  between  two  surfaces,  one  or 
both  of  which  are  in  motion.  Theoretically,  there 
are  three  or  more  layers  or  films  of  oil  existing 
between  two  lubricated  bearing  surfaces.  Two  of 
the  films  are  boundary  films  (indicated  as  I  and 
V  in  part  A  of  fig.  6-1).  one  of  which  clings  to  the 


47.78 

figure  6*1  .*-*OU  film  MbricstUxi.  (A)StatloDary 
positioii,  8l?owing  several  oUfilms;  (B)  snrfsice 
set  in  moUon,  showing  prtoc4>le  of  da  wedge; 
(C)  prlneiple  of  (A)  and  (B)  shown  in  a  Joomal 
bearing. 


surface  of  the  rotating  Journal  and  one  of  which 
clings  to  the  stationary  lining  of  the  bearing. 
Between  these  two  boundary  films  are  one  or 
more  fluid  films  (indicated  as  n,  m,  and  IV  in 
part  A  of  fig.  6-1).  The  number  of  fluid  films 
shown  in  the  illustration  is  arbitrarily  selected 
for  purposes  of  explanation. 

When  the  rotating  Journal  is  set  in  motion 
(part  B  offig.6-l),therelationsh^ofthe  Journal 
to  the  bearing  lining  is  such  that  a  wedge  of  oil 
is  formed.  The  oil  films  n,  m,  and  IV  begin  to 
slide  between  the  two  boundary  films,  thus  con- 
tinuously preventing  contact  between  the  two 
metal  surfaces .  The  principle  is  again  illustrated 
in  part  C  of  figure  6-1.  where  the  position  of  the 
oil  wedge  W  is  shown  with  respect  to  the  position 
of  the  Journal  as  it  starts  and  continues  in  motion . 

The  views  shown  in  part  C  of  figure  6-1  rep- 
resent a  journal  or  shaft  rotating  in  a  solid 
bearing.  The  clearances  are  exaggerated  in  the 
drawing  in  order  to  illustrate  the  formation  of 
the  oil  film.  The  shaded  portion  represents  the 
clearance  filled  with  oil.  The  film  is  in  the 
process  of  being  squeezed  out  while  the  Journal 
is  at  rest,  ad  shown  in  the  stationary  view.  As 
the  Journal  slowly  starts  to  turn  and  the  speed 
increases,  oil  adhering  to  the  surfaces  of  the 
Journal  is  carried  into  the  film,  increasing  the 
film  thickness  and  tending  to  lift  the  Journal  as 
shown  in  the  starting  view.  As  the  speed 
increases,  the  Journal  takes  the  position  shown  in 
the  running  view.  Changes  in  temperature,  with 
consequent  changes  in  oil  viscosity,  cause 
changes  in  the  film  thickness  and  in  the  position 
of  the  Journal. 

If  conditions  are  correct,  the  two  surfaces  are 
effectively  separated,  except  for  a  possible  mo- 
mentary contact  at  the  time  the  motion  is  started . 

FACTORS  AFFECTING  LUBRICATION 

A  number  of  factors  determine  the  efficacy 
of  oil  film  lubrication,  including  such  things  as 
pressure,  temperature,  viscosity,  speed,  align- 
ment, condition  of  the  bearing  surfaces,  running 
clearances  between  the  bearing  surfaces,  start- 
ing torque,  and  the  nature  and  purity  of  ttie  lubri- 
cant. Hbny  of  these  factors  are  interrelated  and 
interdqiiendent.  For  exanqple,  the  viscosity  of 
any  given  oQ  is  affected  by  temperature  and  the 
temperature  Is  affected  by  rumring  speed;  hence 
the  viscosity  is  partially  dependent  upon  the  run- 
ning speed. 

A  lubricant  must  be  able  to  stick  to  the  bear- 
ing surfaces  and  support  the  load  at  operating 
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required  to  make 
iniS- *°  surfaces  at  high 

speeds  than  at  low  speeds.  At  low  speeds,  greater 
cohesiveness  is  required  to  keep  the  lubrtcant 
from  being  squeezed  out  from  between  the  bear- 
ing  surfaces. 

r*flifr7wi®tf*"*'®fJ^*^®^*^*'*"K  surfaces 
reqirtre  Mgh  viscosity  and  cohesiveness  in  the 

maintenance  of  thelubrtcat- 
12^-      ^J^^'     clearance,  the  greater 
^  resistance  of  the  lubrtcant  to  being 

KSin^iu?!!"''^'^'"*'^^^^^^ 

Vtl**  abearing  requires  high  vis- 
lubrtcant.  A  lubricant  subjected  to 

toS^!^^  "«8t  be  sufficiently  cohesive  to  hold 
together  and  maintain  the  oil  fUm. 

LUBRICANTS 

lvhi£!^^*?^'V'^  growing  use  of  synthetic 
lubricants,  the  principal  source  of  the  oUs  and 
J^s  used  in  the  Navy  is  stUI  petroleum.  By 
l^T^rl^^  processes,  lubricating  stock? 
are  extracted  from  crude  petroleum  and  blended 
tato  a  mult^licity  of  products  to  meeYauSrt- 
cation  requirements.  Various  compounds  or  ad- 
ditives are  used  in  some  lubricants  (bothoUs 
and  ^ser)  to  provide  specific  properties  re- 
quired for  specific  applications.  " 


Types  of  I^ibrtcatlng  Oils 

t.rp^uf!!?*.u°*^  approved  for  sblpboanl  use 
JHtH?!^  *°^?»«8«desand types  deemed  es. 
sentta  to  provide  proper  lubrication  under  all 
anticipated  operating  conditions. 

^n»-2lL5*!!**  engines,  it  is  necessary  to  use  a 
f^^S^:!^"^  ^  ofaddlthreoU  in  order 
*'>e^englnes  clean.  In  addition,  tliese  lu- 

w£S5*  2"  ™*  befortmedwlthoddationin- 

tahlbiters  to  allow  loos 

roBlon  at  beartng  materials. 

For  steam  toiUnes,  11  is  necessary  to  have 

addMvM  ««t  tahli«  ortdrtlon  and  corwrtoo. 
IBP)  addittves  to  enAle  ths  oa  to  carry  the  ex. 

«»rtc«*lon  use,  the  Mvy  wm  a  viscosity  series 


of  OUs  reinforced  with  oxidation  and  corrosion 
inhibitors  and  anti-foam  additives.  The  com- 
pounded oils,  which  are  mineral  oils  to  which 
such  products  as  rape  seed,  tallow,  or  lard  oil 
are  added,  are  stiUused  in  deck  machinery  and  in 

the  few remalningsteamplantsthat utilize recio- 
rocatlng  steam  engines. 

A  great  many  special  lubricating  oUs  are 
available  for  a  wide  vartety  of  services.  These 
are  listed  in  the  Federal  Supply  Cataloff  Am»»r 
the  more  important  specialty  oils  are  those  used 
for  lubricating  refrigerant  compressors.  These 
Oils  must  have  a  very  lowpour  point  and  be  main- 
tained with  a  high  degree  of  freedom  from  mois- 
ture. 

The  principal  synthetic  lubricants  currenUy 
in  naval  use  are  (I)  a  phosphate  ester  type  trf 
fire-resistant  hydraulic  fluid,  used  chiefly  in  the 
deck-edge  elevators  of  carriers  (CVAs)-  and  (2) 
a  water-base  glycol  hydraulic  fluid  used  chiefly 
in  the  catapult  retracting  gear. 

Classification  of 
Lubricating  Oils 

The  Navy  identifies  lubricating  oUs  by  sym- 
bols. Each  identification  number  consists  of  four 
n^Ja^l  cases,  appended  letters).  The 

first  dig^t  indicates  the  class  of  oil  acccidingto 

SSco^  HftL*!!!,  '^^'^  the 

^?  o'  oil.  The  viscosity  digits  are  ac- 
tually the  numlHsr  of  seconds  required  for  60mil- 
miters  of  the  oil  to  flow  through  a  standard 
ortHce  at  a  i«>ecified  temperature.  The  symbol 
3080,  for  example,  indicates  that  the  oUis  in  the 
^  if'*!"  and  that  a  60-ml  sample  flows 
through  a  standard  orifice  in  80  seconds  when  the 
oilis  at  a  speciRed  temperature  (210  "F.  in  tUs 
instance).  To  take  another  example,  the  symbol 
2135  TH  indicates  that  the  oU  is  In  the  2M0to- 
!l.!f*L""*  *  «"«**le  flows  through 

""C"^"  ^thertUfs 

The  letters  H,  T,  TH,  or  TEP  added  to  a  basic 
jnnbol  number  indicate  that  the  oUcontalnsad. 
dittves  fbr  special  puiposes. 

lubricating  Oil  Characteristics 

tnr^J^^J'^ty^  ^      Navy  are  tested 

including  vis- 

potat,  motralisation  number,  demol- 
rtb^,  and  precipitation  mmiber.  Standaidtest 
methods  are  used  for  making  all  testa. 
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The  viscosity  of  an  oil  Is  Its  tendency  to  re- 
sist flow.  An  oil  of  high  viscosity  flows  very 
slowly.  Raising  the  temperature  of  an  oil  lowers 
its  viscosity;  lowering  the  temperature  in- 
creases the  vise  slty.  The  measurement  of  vis- 
cosity is  discussed  in  chapter  7  of  this  text. 

The  viscosity  index  at  an  oil  is  a  number  in- 
dicating the  effect  of  temperature  changes  on 
viscosity.  A  low  viscosity  index  signifies  a  rel* 
atlvely  large  change  of  viscosity  with  changes 
of  temperature.  An  oil  which  becomes  thin  at 
high  temperatures  and  thick  at  low  temperatures 
is  said  to  have  a  low  viscosity  Index;  a  high  vis- 
cosity index  signifies  that  the  viscosity  changes 
relatively  little  with  changes  of  temperature. 

The  pour  point  of  ah  oills  the  lowest  tem- 
perature at  which  the  oil  will  barely  flow  from 
a  container.  The  pour  point  is  closely  related  to 
the  viscosity  of  the  oil.  In  general,  an  oil  of  high 
viscosity  will  have  a  hlg^r  pour  point  than  an 
oil  of  low  viscosity. 

The  flash  point  of  an  oil  is  the  temperature 
at  which  enough  vapor  is  given  off  to  flash  when 
a  flame  or  spark  is  applied  under  standard  test 
conditions. 

The  fire  point  (higher  than  the  flash  point)  of 
an  oil  is  the  temperatore  at  which  the  oil  will 
continue  to  bum  whon  it  is  ignited. 

The  aut9>^gnltt^?n  Pffil*  of  an  oil  is  the  tem- 
l    perature  at  vAiich  the  flammable  vapors  given 
off  from  the  oil  will  bum  without  tbe^qplication 
[    of  a  spark  or  flame. 

1^  The  neutraligation  number  of  an  oil  is  a  meas- 
^  ure  of  the  acid  content;  it  Isdefinedas  the  num- 
l  ber  of  milligmms  of  potassium  hydroxide  (KOH) 
I  required  to  neutralize  one  gram  of  the  oil.  All 
I  petroleum  products  oxidise  in  the  presence  of 
I  air  and  heat,  and  the  products  of  oxidation  in- 
I  elude  organic  acids.  The  acids,  tf  present  in 
t  sufficient  concentration,  have  harmftil  effects 
I  on  alloy  bearings  at  hi^  temperatures.  The 
I  presence  of  adds  also  inay  result  In  theforma- 
I  tion  of  sludge  and  emulsions  too  stable  to  be 
I  broken  down.  An  Increase  lna':'Jityisanlndica* 
I   tion  thit  lubricating  oil  is  deteriorating. 

The  demnlsflMHty  oT  an  oU  is  the  abOtty  of 
^  the  oil  to  separate  cleaidy  ftrom  anywaterpres- 
ent.  DemulsIMlity  is  an  Important  characterise 
tic  of  hdbrlcatlng  oils  used  In  forced-feed  hibri* 
cation  systems. 

The  predpttaticin  lanriber  of  andlisameas- 
ure^of  the  amount  of  soUdscIasstfledtAi  asphalts 
or  daxfxxi  residue  contained  in  the  oU.  Tbepre- 
cipitation  nuniber  is  rencbed  hf  diluting  a  known 
quantity  of  oil  with  rnqpttOia  and  sqMiratlnK  ttm 


precipitate  by  centriliiging.  The  volume  of  the 
separated  solids  equals  the  precipitation  num- 
ber. An  oil  with  a  high  precipitation  number  is 
not  suitable  for  certain  applications  because  it 
may  leave  deposits  in  an  engine  orplugtqp  valves 
and  pumps. 

Liibricating  Greases 

Some  lubricating  greases  are  simple  mix- 
tures of  soaps  and  lubricating  oils.  Others  are 
more  exotic  liquids  such  as  silicones  and 
dl-basic  acid  esters,  thickened  with  metals  or 
inert  materials  to  provide  adequate  lubrication. 
Requirements  for  oxidation  inhibition,  corrosion 
prevention,  and  extreme  pressure  performance 
are  met  by  incorporating  special  additives. 

Lubricating  greases  are  stqyplled  in  three 
grades:  soft,  medium,  and  hard.  The  soft  greases 
are  used  for  high  speeds  and  low  pressures;  the 
medium  greases  are  used  for  medium  speeds  and 
medium  pressures;  the  hard  greases  are  used  for 
slow  speeds  and  high  pressures. 

CARE  OF  LUBRICATING  OIL 

Lubricating  oils  may  be  kept  in  service  for 
long  periods  of  time,  provided  the  purity  of  the 
oils  is  maintained  at  the  required  standard.  The 
simple  foot  is  that  lubricating  oil  does  not  wear 
out,^  althou^  it  can  become  unfit  for  use  when 
it  is  robbed  of  its  lubricating  properties  by  the 
presence  of  water,  sand,  sludge,  fine  metallic 
particles,  acid,  and  other  contaminants. 

Proper  care  of  lubricating  oil  requires,  then, 
that  the  oil  be  kqfit  as  free  from  contamination 
as  possible  and  that,  once  contaminated,  the  oil 
must  be  purified  before  it  can  be  used  again. 

PREVENTING  CONTAMINATION 

Strainers  or  filters  are  used  in  many  lubri- 
cating systems  to  prevent  the  passage  of  grit, 
scale,  Qirt,  and  ether  foreign  matter.  Diqilex 
strainers  are  used  In  lid>rlcatlng  systems  in 
which  an  uninterrmited  flow  of  lubricating  oil 
must  be  maintained;  the  flow  may  be  diverted 
from  one  strainer  baAet  to  the  other  while  one 
Is  being  cleaned.  Filters  may  be  Installed  di- 
rectly in  pressure  lubricating  systems  or  they 
mny  be  Installed  as  bypass  filters. 


The  additive  coMteiit  of  an  oil  may  be  exhiusted  at 
fBtuB  additlTe  combtti  the  apeolil  oondltiopi  fbr  which 
It  was  laohided  In  ttie  oil:  butthlals  a  gradoal  process 
and  Is  never  iTitastrophlc» 


ns 

-119 


PRINCIPLES  OF  NAVAL  ENGINEERING 


The  use  of  strainers  and  filters  does  not 
solve  the  prcMem  of  water  contamination  of  lu- 
bricating oil.  Even  a  very  small  amount  of  water 
in  lubricating  oil  can  be  extremely  damaging  to 
machinery,  piping,  valves,  and  other  equipment. 
Water  In  lubricating  oU  can  cause  widespread 
pitting  and  corrosion;  also,  by  Increasing  the 
frictlonal  resistance,  water  can  cause  the  oU 
film  to  break  down  prematurely.  Every  effort 
must  be  made  to  prevent  the  entry  of  water  Into 
any  lubricating  system. 

REMOVING  CONTAMINATION 

In  ^Ite  of  aU  efforts,  a  certain  amount  of 
contamination  of  lubrlcatlngoU  Is  to  be  expected. 
Aboard  ship,  centrlftigal  purifiers  are  used  to 
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remove  Impurities  from  lubricating  oil  andset- 
Ulng  tanks  are  provided  to  permit  used  oU  to 
stand  whUe  water  and  other  impurities  setae  out. 

Centrifugal  Purifiers  . 

A  centrifugal  purifier  is  essentially  a  bowl 
or  hoUow  cylindrical  container  which  is  rotated 
at  hiifli  speed  whUe  contaminated  oU  Is  forced 
through  and  rotated  with  the  container.  The  cen- 
trlfugal  force  imposed  on  the  oU  the  high 
rotational  speed  of  the  container  causes  the  sus- 
pended foreign  matter  to  separate  from  the  oU. 

Materials  that  are  soluble  In  each  other  can- 
not  be  separated  by  centrifugal  force.  For  ex- 
ample,  salt  cannot  be  removed  from  sea  wat-^r 
by  centrifugal  force  because  the  salt  and  water 
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Figure  6.2.-Oi8k-type  centriftigal  porifier. 
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Figure  6-3.-Path  of  contaminated  oU  through 
dlBk-type  purifier  bowl  (DeLAVAL). 

are  In  solution.  However,  water  can  be  sejorated 
from  lubricating  oU  because  water  andoUdonot 
form  a  solution  when  mixed.  For  separation  to 
take  place  by  centrifugal  force,  there 
difference  In  the  specific  gravity  of  oU  and  the 
specific  gravity  of  water.  ,  ^.^^^ 

When  a  mixture  of  oU,  water,  and  sediment 
is  aUowed  to  stand  undisturbed,  gravity  tends  ta 
cause  the  formation  of  an  upper  layer  of  oU,  an 
intermediate  layer  of  water,  and  a  ^o^^r  iAjer 
of  sediment.  The  layers  form  because  of  differ- 
ences in  the  specific  gravities  of  the  vM-loussub- 
stances.  H  the  oU,  water,  and  sediment  mixture 
is  ptaced  In  a  rapidly  revolving  centrifugal  pu- 
rifier, the  effect  d  gravity  is  negligible  In  com- 
parison with  the  effect  ol  centrifugal  force.  Cen- 
trifugal force,  acting  at  right  angles  to  the  axis 
of  rotaUon  of  the  container,  forces  the  sediment 
into  an  outer  layer,  the  water  Intoan  intermediate 
layer,  and  the  oU  Into  an  Innermost  layer.  Cen- 
trlftagal  purifiers  are  so  designed  that  the  sepa- 
rated water  Is  dl«*arged  as  waste  and  the  oU  Is 
discharged  for  use.  The  solids  remain  to  the  ro- 
tating unit  and  are  deaned  out  after  eachpurlfl- 

catlon  operatloa.  . 
T^o^pes  01  centrlMgal  purifiers  are  used 
.  aboard  ship.  The  main  difference  between  the 
:  two  types  is  in  the  designee  the  rotating  unltii. 
i  Ita  the  dlik-type  purifier,  ^the  rotating  demert 
i  u  a  bowl-like  container  which  «>c»^a 
i  of  disks,  to  the  tubdar-type  purifier,  the  rotat- 

i  lag  dement  is  a  hdlow  tdJdar  rotor. 
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A  disk-type  centrifugal  purifier  Is  shown  In 
figure  6-2.  The  bowl  is  mounted  on  the  upper 
end  of  the  vertlcd  bowl  spindle,  which  Is  driven 
by  a  worm  wheel  and  friction  clutch  assembly. 
A  radld  thrust  bearing  Is  provided  at  the  lower 
end  of  the  bowl  spindle  to  carry  the  weight  of  the 
bowl  spindle  and  to  absorb  any  thrust  created 
by  the  driving  action. 

contaminated  oU  enters  the  top  of  the  reydv- 
ing  bowl  through  the  reguUtlngtube.  The  oUthen 
ps^ses  down  the  Inside  of  the  tubular  shaft  and 
out  at  the  bottom  of  the  stack  of  disks.  As  tlie 
dirty  oU  flowsupthrough  the  distribution  hdesln 
the  disks,  the  high  centrifugal  force  exerted  by 
the  revolving  bowl  causes  the  dirt,  sludge,  and 
water  to  move  outward  and  the  purified  oil  to 
mo^e  inward  toward  the  tubdar  shaft.  The  disks 
divide  the  space  within  the  bowl  into  many  sepa- 
rate narrow  passages.  The  llquldconf  Inedwithln 
each  passage  is  restricted  so  that  It  can  ody  now 
dong  that  passage.  This  arrangemert  prevents 
excessive  agitation  of  the  liquid  as  It  ^ses 
through  the  bowl  and  creates  shaUow  settlltg 
distances  between  the  disks.  Thepathof  contam- 
uSed  oU  passing  through  a  disk-type  purifier 
is  shown  In  figure  6-3. 

Most  of  the  dirt  and  dudge  remains  to  the 
bowl  and  coUects  In  a  more  or  less  uniform  layw 
on  the  Inside  vertlcd  surface  of  the  bowl  shell. 
Aijy  water  that  may  be  present,  together  wtth 
some  dirt  and  sludge.  Is  discharged  through  the 
discharge  ring  at  the  top  o«  the  bo^l- The  P«nJ- 
fled  oU  flows  Inward  and  upward  through  the 
disks,  discharging  from  the  neck  o«,«»e  top  disk. 

A  tubdar-type  centrllugd  purifier  Is  shown 
In  figure  6-4.  This  type  at  purifier  consists  es- 
sentlaUy  of  a  hoUow  rotor  or  bowl  which  rotates 
at  high  speeds.  The  rotor  has  an  0P«>^.»n  "*? 
SottcT  through  whldi  the  di^y  l^ta-^^J^ 
enters*  two  sets  of  openings  at  the  top  allow  uie 
oU  and  water  (or  the  oU  done)  to  discharge.  (See 
Insert,  fig.  6-4.)  The  bowl  or  hoUow  rotor  of  the 
purifier  Is  connected  by  a  coupling  unit  to 
ksplndle  which  is  suspended  from  aball  bearing 
assembly.  The  bowl  Is  bdt-drlvenbyandectrlc 
motor  mounted  on  the  frame  ofthepurlfler. 

The  lower  end  of  the  bowl  extends  Intoa  flex- 
ibly mounted  gdde  bushing.  The  assembly,  of 
which  the  bushing  Is  a  part,  restrains  movement 
the  bottom  of  the  bowl  bd  aUows  ewwghmwne- 
ment  so  that  the  bowl  can  center  Itsdf  abod  its 
axis  01  rotdlon  when  ^^V^mei^opm^ 
toslde  thebowl 

flat  (dates  eoially  spaced  radially.  This  device 
is  com^y  referred  to  as  the  toee-wtan  device 
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Figure  6-4.-Tubular-type  centrifugal  purifier. 


or  as  the  three-wing.  The  three-wing  rotates 
with  the  bowl  and  forces  the  liquid  In  the  bowl  to 
rotate  at  the  same  speed  as  the  bowl.  The  liquid 
to  be  centrlfuged  Is  fed  Into  the  bottom  of  the  bowl 
through  the  feed  nozzle,  under  pressure,  sothat 
the  liquid  jets  Into  the  bowl  In  a  stream. 

The  process  of  separation  Is  basically  the 
same  In  the  tubular-type  purifier  as  In  the  disk- 
type  purifier.  In  both  types,  the  separated  oil  as- 
sumes the  innermost  position  and  the  separated 
water  moves  outward.  Both  liquids  are  dis- 
charged separately  from  the  bowl,  and  the  sdllds 
separated  from  the  liquid  are  retained  In  the 
bowl. 

SetUlng  Tanks 

Lubrication  systems  aboard  ship  include  set- 
tling tanks  In  which  used  oil  Is  allowed  to  stand 


75.234 

while  water  and  other  Impurities  settle  out.  Lu- 
bricating oil  piping  Is  generally  arranged  toper- 
mlt  two  methods  of  purification:  batch  purifica- 
tion and  continuous  purification. 

In  the  batch  process,  the  lubricating  oil  Is 
transferred  from  the  sump  to  a  settling  tank  by 
means  of  a  purifier  or  a  transfer  pump.  In  the 
settling  tank,  the  oil  is  heated  to  approximately 
160  F  and  allowed  to  settle  for  several  hours 
Water  and  other  Impurities  are  removed  from 
the  settling  tanks.  The  oU  is  thencentrifugedand 
returned  to  the  sump  from  which  It  was  taken. 

In  the  continuous  purification  process,  the 
centrifugal  purifier  takes  suction  from  a  sump 
tank  and,  after  purifying  the  oU,  discharges  It 
back  to  the  same  sump.  The  continuous  method 
of  purification  is  used  while  a  ship  is  un- 
derway. 
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CHAPTER  7 

PRINCIPLES  OF  MEASUREMENT 
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i 

i 


I  Measurement  is,  in  a  very  real  sense,  the 
language  of  engineers.  The  shipboard  engineer- 
ing plant  contains  an  enormous  number  of  gages 
and  instruments  that  tell  qperating  personnel 
whether  the  plant  is  runningproperly  or  whether 
some  abnormal  condition— excessive  speed,  high 
pressure,  low  pressure,  hig^  temperature,  low 
water  leve7.-*-requires  corrective  action.  The 
gages  and  instruments  also  provide  essential 
information  for  the  hourly,  daily,  and  weekly 
entries  for  station  q[>erating  logs  and  for  other 
engineering  records  and  reports. 

This  chapter  describes  some  of  the  basic 
I   types  of  gages  and  instruments  used  in  sh^p-* 
i   board  engineering  plants  for  the  measurement  of 
iniportant  variables  such  as  temperature,  pres- 
I   sure,  fluid  flow,  liquid  level,  and  rotational 
;  speed.  Because  of  the  wide  variety  of  gages  and 
;  instruments  used  in  connection  with  shipboard 
i  engineering  equipment,  no  attempt  is  made  to 
cover  all  types  that  might  possibly  be  encoun- 
tered; instead,  basic  principles  of  measurement 
and  commonly  used  types  of  gages  are  empha- 
sized. Unusual  or  highly  specialized  meaauring 
devices,  or  ones  that  have  particular  application 
to  some  one  type  of  machinery  or  equipment 
aboard  ship,  are  in  general  discussed  in  the 
chapters  of  this  text  that  deal  with  the  particu- 
lar equipment;  where  an  unusual  type  of  meas- 
uring device  js  discussed  in  this  chapter,  it  is 
included  chiefly  as  a  means  of  bringing  out 
some  interesting  or  important  aspect  of  mea- 
surement. Detailed  information  on  most  gages 
and  instruments  used  aboard  ship  can  be  o|)tained 
from   manufacturers'  technical  manuals  and 
other  instructional  materials  furnished  with 
shipboard  engineering  equipment . 

THE  CONCEPT  OF  MEASUREMENT 

One  of  the  primary  ways  in  which,  we  extend 
our  knowledge  and  understanding  of  the  universe 


and  of  the  world  around  us  is  by  the  measure- 
ment of  various  quantities.  Because  we  live  in 
a  world  in  which  practically  everything  seems 
to  be  in  some  way  measured  or  counted,  we 
often  tend  to  assume  that  measurement  is 
basically  simple.  In  reality,  however,  it  maybe 
quite  difficult  to  develop  an  appropriate  mode  of 
measurement  even  after  we  have  recognized  the 
need;  and,  without  an  appropriate  mode  of 
measurement,  we  may  even  fail  to  '^icog;>ize 
the  significance  of  the  phenomena  we  observe. 
Thus  the  development  of  scientific  and  engineer- 
ing principles  has  been,  and  undoubtedly  will 
continue  to  be,  inextricably  tied  to  the  concept 
of  measurement. 

Many  of  our  views  on  the  nature  of  things 
are  profoundly  influenced  by  the  procedures  we 
devise  for  measurement,  ft  is  interesting  to 
note  how  often  in  the  history  of  science  the 
application  of  a  new  instrument  or  the  refine- 
ment of  a  measuring  technique  has  led  to  new 
ideas  about  the  universe  or  about  the  nature  of 
the  thing  being  measured. ^  Until  approximately 
the  middle  of  the  seventeenth  centiury,  it  was 
commonly  believed  that  water  rose  in  a  suction 
pump  because  "nature  abhors  a  vacuum.''^ 
The  concept  of  a  "sea  of  air''  surrounding  the 


^As  Sir  Humphry  Davy  (1778-1829)  stated,  "Nothing 
tends  so  much  to  the  advancement  of  knowledge  as  the 
^plication  of  a  new  instrument.'*  (Quoted  in  Harvard 
Case  Histories  in  Experimental  Science.  James  Bryant 
Conant,  general  editor,  and  Leonard  K.  Nash,  associate 
editor,  Cambridge,  Massachusetts.  1957.  Vol.  l,page 
119.) 
2 

The  explanation  that  "nature  abhors  a  vacuum  "per- 
sisted for  quite  some  time'  in  spite  of  the  observed 
fact  that  water  would  not  rise  more  than  about  32 
feet  in  the  suction  pumps  of  the  time  and  in  spite  of 
Galileo's  observation  that  "Evidently  nature's  horror 
of  a  vacuum  does  not  extend  beyond  32  feet.'* 
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earth  and  exerting  pressure  iipon  it  was  very 
closely  related  to  Torricelli's  experiments  with 
a  column  of  mercury  in  a  glass  tube.  The  notion 
that  the  air  above  us  exerts  a  pressure  was 
not  fully  accepteduntUafterPascalhadarranged 
an  experiment  to  test  the  hypothesis.  Pascal 
suggested  using  Torricelli's  new  instrument, 
the  barometer,  at  the  base  of  a  mountain  and 
then  again  at  the  top  of  the  mountain.  If  the  air 
exerts  a  pressure,  Pascal  reasoned,  the  mer- 
cury should  stand  higher  in  the  glass  column 
at  the  base  of  the  mountain  than  it  should  at  the 
top.  The  eaqperiment  was  performed  by  Pascal's 
brother-in-law  in  1648,  and  the  prediction  was 
confirmed.  Further  eaqperimentation  and  mea- 
surement by  Robert  Boyle  and  others  led  to  the 
development  of  many  Important  concepts  con- 
cerning the  nature  of  air  and  other  gases,  and 
led  eventually  toan  understanding  of  the  relation- 
ship between  the  volume  and  the  pressure  of 
a  gas  (Boyle's  law). 

Perhap3  an  even  more  striking  example  of 
the  effects  cjf  measurement  upon  our  basic  con- 
cepts of  the  nature  of  things  Is  to  be  found  in 
the  study  of  heat.  Quantitative  studies  of  heat 
were  not  possible  before  the  Invention  of  the 
thermometer,^  K  was  not  untU  the  middle  of 
the  nineteenth  century  that  the  concept  of  heat 
as  a  form  of  energy,  rather  than  as  an  invisible, 
weighUess  fluid  called  "calorlc,*^'  jvas  firmly 
established.  The  persistence  o?  Uie  caloric 
theory  to  such  a  late  date  was  due  partly  to 
faulty  interpretations  of  experimental  results: 
but  these  faulty  interpretations  were  at  least  in 
part  the  result  of  difficulties  of  measurement. 
The  downfall  of  the  caloric  theory  was  necessary 
before  we  could  conceive  of  heat  as  energy, 
rather  than  as  a  nebulous  kind  of  matter,  and 
before  we  could  understand  the  relationship 
between  heat  and  work.*  In  summary.  It  would 


Joseph  Black  (1728  .1799),  commentingon  the  discov- 
ery that  heat  tends  toflowfromhotterto  colder  bodies 
imtil  a  state  of  thermal  equiUbrium  is  reached,  stated: 

T^o  previous  acquaintance  wiUithepeculiarrelationof 
each  body  to  heat  could  have  assured  us  of  this,  and  we 
owe  the  discovery  entirely  to  the  thermometer/* 
(From  Black's  Lectures  on  the  Eiftr^.ante^f  riu.^ifftrv 
assembled  from  notes  and  pubUshed  in  1803  fay  iohn 
Robinson,  Quoted  in  Harvard  Case  HlatoriAa  in  Ex- 
perimental  Soienoe,  j^g,  dt,,  ypl,  j,  pagelSST"  

The  relationship  between  heat  and  work  is,  of  course, 
basic  to  the  entire  field  of  engineering.  Chapter  8  of 
this  text  deals  with  this  topic  in  oonsideraUe  detail 


not  be  unreasonable  to  say  that  the  thermometer 
had  to  be  invented  before  we  could  arrive  at  an 
understanding  of  the  nature  of  heat,  the  relation- 
ship  between  heat  and  mechanics,  and  the  prin- 
ciple of  the  conservation  of  energy. 

SYSTEMS,  UNITS,  AND  STANDARDS 
OF  MEASUREMENT 

Practically  all  units  of  measurement  are 
derived  from  a  few  basic  quantities  or  funda- 
mental dimensions,  as  they  are  sometimes 
called.  In  all  commonly  used  systems  of  mea- 
surement, length  and  time  are  taken  as  two  of 
the  fundamental  dimensions.  A  third  is  MASS  in 
some  systems  and  force  (or  weight)  In  others. 
In  all  systems,  temp"iriiure  is  thelourth  funda- 
mental dlmensionT 

The  first  three  fundamental  dimensions- 
length,  time,  and  either  mass  or  force— are 
sometimes  called  mechanical  quantities  or  di- 
mensions. All  other  important  mechanical  quan- 
titles  can  be  defined  in  terms  of  these  three 
fundahxentals.  Temperature,  the  fourth  funda- 
mental dimension,  is  in  a  different  category 
because  It  is  not  a  mechanical  quantity.  By  using 
the  three  mechanical  fundamental  quantities  and 
the  quantity  of  temperature,  practically  all 
quantities  of  any  Importance  may  be  derived. 

It  is  often  said  that  there  are  two  systems  of 
measurement-a  metric  system  and  a  British 
system.  Actually,  however,  there  are  several 
metric  systems  and  several  British  systems, 
A  more  meaningful  classification  of  systems  of 
measurement  can  be  made  by  saying  that  some 
systems  are  gravitational  and  others  are  abso- 
lute. In  gravitational  systems,  the  units  of  force 
are  deflnea  ui  terms  of  the  effects  of  the  force 
of  gravity  upon  a  standard  sample  of  matter  at 
a  specified  location  on  the  surface  of  the  earth. 
In  absolute  systems,  the  units  of  force  are  de- 
fined In  terms  that  are  completely  Independent 
of  the  effects  of  the  force  of  gravity.  Thus  a 
metric  system  could  be  either  gravitational  or 
absolute,  and  a  British  system  could  be  either 
gravitational  or  absolute,  depending  upon  the 
terms  In  which  force  Is  defined  in  the  particular 
system. 

MASS  AND  WEIGHT 

To  understand  what  Is  meant  by  gravitational 
and  absolute  systems  of  measurement.  It  Is  nec- 
essary to  have  a  clear  understanding  of  the 
difference  between  mass  and  weight.  Mass,  a 
measure  of  the  total  quantity  of  matteFIn  an 
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object  or  body»  is  completely  Independent  of  the 
force  of  gravity,  so  the  mass  of  any  given  ob- 
ject is  always  the  same,  no  matter  where  it  is 
located  on  the  surface  of  the  earth;  indeed,  the 
body  would  have  the  same  mass  even  if  it  were 
located  at  the  center  of  the  earth,  on  the  moon, 
in  outer  space,  or  anywhere  else.  Weight,  on 
the  other  hand,  is  a  measure  of  the  force  of 
attraction  between  the  mass  of  the  earth  and 
the  mass  of  another  body  or  object.  Since  the 
force  of  attraction  between  the  earth  and  another 
body  is  not  identical  in  all  places,  the  weight  of 
a  body  depends  upon  the  location  of  the  body 
with  respect  to  the  earth. 

The  relationship  between  mass  and  weight 
can  be  understood  from  the  equation 


w»  mg 


where 


vf-  weight 
m=  mass 

g  »  acceleration  due  to  gravity 

The  value  for  acceleration  due  to  gravity 
(normally  represented  by  the  letter  g)  is  almost 
constant  for  bodies  at  or  near  the  surface  of  the 
earth.  This  value  is  approximately  32  feet  per 
second  per  second  in  British  systems  of  meas- 
urement, 9.8  meters  per  second  per  second  in 
one  metric  system,  and  980  centimeters  per 
second  per  second  in  another  metric  system. 
More  precise  values  of  g,  including  variations 
that  occiu*  with  changes  in  latitude  and  changes 
in  elevation,  may  be  obtained  from  physics  and 
engineering  textbooks  and  handbooks. 

BASIC  MECHANICAL  UNITS 

Table  7-1  shows  the  basic  mechanical  quan- 
tities of  length,  mass  or  force,  and  time,  to- 
gether with  a  number  of  derived  units,  used  in 
several  systems  of  measurement.  By  examin- 
ing some  of  the  units,  we  may  see  how  force 
is  defined  and  thus  see  why  each  system  is 
called  "absolute''  or  "gravitational/'  as  the 
case  may  be. 

In  the  metric  absolute  meter-kilogram- 
second  (MKS)  system  of  measurement,  the  unit 
of  mass  is  the  kilogi^am,  the  *unit  of  length  is 
the  meter,  the  unit  of  time  tA^  the  second,  and 
the  unit  of  acceleration  is  meters  per  second 
per  second.  (This  is  sometimes  written  as 
m/sec2.)  The  unit  of  force  is  called  a  Newton, 


By  definition,  1  newton  is  the  force  required  to 
accelerate  a  mass  of  1  kilogram  at  the  rate  of  1 
meter  per  second  per  second.  In  other  words, 
the  unit  of  force  is  defined  in  such  a  way  that 
unit  force  gives  unit  acceleration  to  unit  mass. 

The  same  thing  holds  true  in  the  other  metric 
absolute  system  shown  in  table  7-1.  In  the 
metric  absolute  centimeter-gram-second  (CGS) 
system  of  measurement,  the  gram  is  the  unit 
of  mass,  the  centimeter  is  the  unit  of  length, 
the  second  is  the  unit  of  time,  and  centimeters 
per  second  (cm/sec^)  is  the  unit  of  accelera- 
tion. In  this  system,  the  unit  of  force  is  called 
a  dyne.  By  definition,  1  dyne  is  the  force  re- 
quired to  accelerate  a  mass  of  1  gram  at  the 
rate  of  1  centimeter  per  second  per  second. 
Again,  force  is  defined  in  such  a  way  that  unit 
force  gives  unit  acceleration  to  unit  mass. 

The  same  applies  to  the  British  absolute 
foot-pound-second  (FPS)  system  of  measure- 
ment, where  the  pound  is  the  unit  of  mass,  the 
foot  is  the  unit  of  length,  the  second  is  the  unit 
of  time,  and  feet  per  second  per  second  is  the 
unit  of  acceleration.  In  this  system,  the  unit  of 
force  is  called  a  poundal.  By  defmltion,  1 
poundal  is  the  amount  of  force  required  to  give 
a  mass  of  1  pound  an  acceleration  of  1  foot  per 
second  per  second.  Again,  force  is  defined  in 
such  a  way  that  unit  force  gives  unit  accelera- 
tion to  unit  mass. 

Now  let's  look  at  a  British  gravitational 
system— the  foot-pound-second  (FPS)  gravita- 
tional system  that  we  use  in  the  United  States 
for  most  everyday  measurements.  The  foot  is 
the  unit  of  length,  the  pound  is  the  unit  of  mass, 
the  second  is  the  unit  of  time,  and  feet  per 
second  per  second  is  the  unit  of  acceleration. 
In  this  system,  the  unit  of  force  is  called  the 
pound.  (Actually,  it  should  be  called  the  pound- 
force;  but  this  usage  is  rarely  followed.)  In 
this  system,  a  force  of  1  pound  acting  upon  a 
mass  of  1  pound  produces  an  acceleration  of  32 
feet  per  second  per  second.  Note  that  unit 
force  does  produce  unit  acceleration  when 
acting  on  unit  mass;  rather,  unit  force  produces 
unit  acceleration  when  acting  on  unit  weight. 
Since  force  is  defined  in  gravitational  terms, 
rather  than  in  absolxite  terms,  we  say  that  this 
is  a  gravitational  system  of  measurement. 

The  gravitational  system  that  is  usually 
called  the  British  Engineering  l^stem  also  uses 
the  pound  (or,  more  precisely,  the  pound-force) 
as  the  unit  of  force.  But  this  system  has  its 
own  unit  of  mass:  the  slug.  By  definition,  1 
slug  is  the  qMantity  of  mass  that  is  accelerated 
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Table  7-l.-Unlts  of  measurement  in  Several  Common  Systems. 
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MK8  Metric 

Absolute 

System 

CG8  Metric 

Absolute 

System 

British  FP8 

a%sDas      «  O 

Absolute 
System 

oricisn  Engineer- 
ing Gravitational 
System 

British  FP8 

GravitaticHial 

System 

Length 

meter  (m) 

centimeter  (cm) 

foot  (ft) 

foot  (ft) 

loot  ^t) 

Area 

square  meter 
(m2) 

squure  centimeter 
(c^) 

sqiiarefoot 
(ft2) 

square  f  jot 
(ft2) 

square  foot 
(ft2) 

VcAtmie 

cubic  meter  (m^) 
or  Uter  0) 

cubic  centimeter 
(cm3  or  cc)  or 
mlUUlter  (ml) 

cubic  foot 
(ft8) 

cubic  foot 

cubic  foot 
(ftS) 

kilogram  (kg) 

gram  (g) 

pound  (lb) 

slug 

pound  (lb) 

Force  (Weight) 

newton 

(n,  new,  or  nt) 

dyne 

poundallpdl) 

pound  (lb)  or 
pound-force  (Ibf) 

pound  (lb)  or 
pound-force  (Ihf) 

Time 

second  (sec) 

second  (sec) 

second  (sec) 

second  (sec) 

second  (sec) 

Velocity 

m/sec 

cm/sec 

ft/sec 

ft/sec 

ft/sec 

Acceleration 

m/sec2 

cm/sec2 

ft/8ec2 

ft/sec2 

ft/sec2 

Pressure 

nt/m2 

dynes/cm^ 

pdl/f^ 

Ib/f t2  or  ihf /ft2 

lb/ft2  or  ibf /f  t2 

Energy 

joule 

erg 

foot-poundal 
(ft-p<tt) 

foot-pound  (ft-lb) 
or  foot-pound- 
force  (ft-lbf) 

foot-pound  (ft-lb) 
or  foot-pound-force 
(ft-lhf) 

Power 

watt 

ergs  per  second 
(erg/sec) 

ft-pdl/sec 

ft-lb/sec  or 
ft-lfal/sec 

ft-lb/sec  or 
ft-lbf/sec 

at  the  rate  of  1  footpersecondper  second  when 
acted  on  by  a  force  of  1  pound.  In  other  words. 
1  slug  equals  32pounds,  2slugs  equals  64  pounds 
and  so  forth.  By  using  the  slug  as  the  unit  of 
mass,  the  Qritish  engineering  system  sets  up 
consistent  units  of  measurement  in  which  unit 
force  acting  upon  unit  mass  produces  unit  ac- 
celeration. Note,  however,  that  this  is  still  a 
gravitational  system  rather  than  an  absolute 
system. 

By  tUs  time  it  should  be  obvious  that  the 
relationships  eiqiressed  In  one  system  of  mea- 
surement do  not  necessarily  hold  when  a  dif- 
ferent system  is  used.  Whenusinganyparticular 
system,  it  is  essential  to  understand  the  precise 
meaning  of  all  terms  used'ln  that  system;  This 
is  not  always  a  Simple  matter,  since  there  are 
an  enormous  number  of  possible  combinations 
Of  units  and  in  nuqr  cases  the  same  word  is 


used  to  express  quite  different  ideas.  Another 
source  of  confusion  is  the  way  in  which  the 
various  systems  of  measurement  are  used.  In 
everyday  life  we  use  the  British  gravitational 
WP8  system,  hi  scientific  worlc  we  use  one  of 
the  naetrlc  systems.  In  engineering  and  other 
technical  fields  we  use  a  British  system  or  a 
metric  system,  depending  upon  the  field  in- 
volved. The  only  way  to  avoid  total  confusion  in 
the  use  of  measurement  terms  is  to  make  sure 
that  . you  understand  th#  precise  meaning  of  each 
term,  as  it  relates  to  the  particular  system 
being  used. 

The  units  shown  hi  table  7-1  are  only  a  few 
« the  units  that  may  be  derived  hi  each  system. 
For  na^le,  the  unit  of  pressure  shown  for 
both  of  the  British  gravitational  systems  is 
pounds  per  square  foot  (lb/ft2,  or  psf).  How- 
ever, the  unit  pounds  per  square  hich  (lb/in2. 
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or  psi)  is  equally  acceptable  and  is  very  com- 
monly used.  Similar  conversions  can  be  made 
for  any  of  the  other  units,  as  long  as  the  basic 
relationships  of  the  system  are  accurately  main- 
tained. 

When  converting  values  from  a  metric  sys- 
tem to  a  British  system  (or  vice  versa)  it  is 
necessary  to  understand  ttie  units  used  in  each 
system.  Most  of  us  know  quite  a  bit  about  the 
units  commonly  used  in  British  systems,  but 
less  about  the  units  used  in  metric  systems. 
A  description  of  the  basic  structure  of  the  metric 
systems  follows. 

All  metric  systems  of  measurement  are 
decimal  systems^that  is,  the  size  of  the  units 


vary  by  multiples  of  10.  This  makes  computa- 
tions very  simple.  Another  handy  thing  about 
the  metric  systems  is  that  the  prefixes  for  the 
names  of  the  units  tell  you  the  relative  size  of 
the  units.  Take  the  prefix  kilo-,  for  example. 
Kilo-indicates  1000;  so  a  kilogram  is  1000 
grams,  a  kilometer  is  1000  meters,  and  so  forth. 
Or  take  the  prefix  milli-,  for  another  example; 
it  indicates  a  thousandth.  So  1  millimeter  is  1 
thousandth  of  a  meter,  1  milligram  is  1  thou- 
sandth of  a  gram,  and  so  forth.  Perhaps  the 
best  way  to  become  familiar  with  the  units  in 
the  metric  systems  is  to  associate  the  more 
commonly  used  prefixes  with  the  positive  and 
negative  powers  of  10,  as  shown  in  table  7-2. 


Table  7-2.  —Metric  System  Prefixes  and  Corresponding 
Positive  and  Ne  gative  Powers  of  10. 


METRIC  SYSTEM  PREFIXES 


POSITIVE  AND  NEGATIVE  POWERS  OF  10 


DEKA-  or  DECA 

10^  = 

10 

HECTO- 

102  = 

100 

KILO- 

103  = 

1000 

MEGA- 

1, 000, 000 

DECI- 

10-1  ^ 

0. 1  (or  1/10) 

CENTI- 

10-2  ^ 

0.01  (or  1/100) 

MILLI- 

10-3  . 

0.001  (or  1/1000) 

MICRO- 

io-«  = 

0. 000001  (or  1/ 1, 000, 000) 
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.®  ,  selected  values  for 

mechanical  units  in  British  systems  of  mea! 
surement  Table  7-4  gives  some  selected  vSSm 
for  mechanical  units  in  metric  systems  of 
measurement  Table  7-5  gives  some  British" 
?r?„ii  ^?  "«t'^»c-Brltlsh  equivalents.  The  ex- 
S  chosen  pri- 

marily to  help  you  develop  an  understandi^  of 

romSS"?,H?"'  °'  mechanical  unliS.  Zre 
complete  tables  are  available  in  many  physics 
and  engineering  textbooks  and  handbooL. 

STANDARDS  OF  MEASUREMENT 

stan^rH^^S'^"°''**''*'«P'«''*seand  uniform 
standards  of  measurement  is  recognized  by  all 
the  major  countries  of  the  worldf  and  inter- 

^Ti^LT^'T""^  °"  measures 
are  held  from  time  to  time.  The  International 


Bureau  of  Weights  and  Measures  is  in  France 
Each  major  country  has  its  own  bureau  or  off  ice 
"ifo^S  1*1?       "responsibility  of  maintaining 
the  retruired  measurement  standards,  including 

S,^  J^"l*^  *e  National  Bureau  of 

Standards  (NBS)  is  responsible  for  maintaiSi^ 
basic  standards  and  for  prescribing  precis! 
measuring  techniques. 

Length 

arrt"«f"!  "cenUy,  the  international  stand- 
Sf  »f  leoK*  was  a  platinum- iridium  alloy  bar 
kept  at  the  International  Bureau  of  Weights  and 
ar^^p?/  ^f^^J'  *»efinition,  thi  stanS- 
ard  meter  was  the  distance  between  two  parallel 
lines  marked  on  this  bar,  measured  at  o"c 
?  International  standard  were  main- 
tained by  other  countries;  the  United  States 


Table  y-3. -Selected  Values  of  Mechanical  Units 
in  British  Systems  of  Measurement. 


AREA 


VOLUME 


FORCE  (WEIGHT) 


VELOCITY 


12  inches  (in.)  = 

3  ft  » 

5280  ft  = 

1760  yd  = 


1  foot  (ft) 
1  yard  (yd) 
1  mile  (mi) 
1  mi 


144  square  inches  = 
(sq  in.  or  in.  ^) 


1  square  foot 
(sq  ft  or  ft  ^) 


9ft^ 


=  1yd' 


1728  cubic  inches 
(cu  in.  or  in.  ^) 
27  ft^ 


=  ■  1  cubic  foot 

(cu  ft  or  ft^) 
=  lyd^ 


16  ounces  (oz) 
20001b 


1  pound  (lb) 
1  ton 


?5/?"w*1/J*°"'  '  'eet  Pe*-  second 
(ft/sec)  (mi/hr  or  mph) 
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Table  7-4.  ^Selected  Values  of  Mechanical  Units  in 
Metric  Systems  of  MeasureR\ent. 


TYPE  OP  MECHANICAL  UNIT 

SELECTED  VALUES 

LENGTH 

10  millimeters  (mm) 
10  cm 
10  dm 
100  cm 
1000  mm 
10  m 
100  m 
1000  m 

=  1  centimeter  (cm) 
=  1  decimeter  (dm) 
=  1  meter  (m) 
=  1  meter 
=  1  meter 

=  1  dekameter  (dkm) 
=  1  hectometer  (hm) 
=  1  kilometer  (km) 

AREA 

2 

100  square  millimeters  (mm  ) 

=  Icm^ 

2 

100  cm^ 

2 

=  Idm^ 

100  dm^ 

=  lm2 

VOLUME 

1000  cubic  millimeters  (mm^) 

=  1  cm^ 

1000  cm^ 

=  Idm^ 

1000  dm^ 

=  lm3 

1  mUmiter  (ml) 
1000  ml 
100  cenUliters  (cl) 
10  decUiters  (dl) 

=   1  cm^ 
=  1  liter  (1) 
=   1  liter 
=   1  liter 

MASS 

1000  milligrams  (mg) 
100  centigrams  (eg ) 
1000  grams 

=   1  gram  (g) 

=  1  gram 

=   1  kilogram  (kg) 

the  orange-red  lig^t  of  krypton-86|  and  1  inch 
is  equal  to  41,929.399  wavelengths.  A  device 
called  an  optical  interferometer  is  used  to  de- 
termt  ^e  the  number  of  the  wavelengths  of  the 
orange-red  light  of  krypton-86  in  an  unknown 
length. 

Mass 

The  standard  of  mass  is  the  mass  of  a  cylin- 
der of  platinum-lridium  alloy  defined  as  having 
a  mass  of  1  kilogram.  The  international  standard 
kilogram  mass  is  kept  at  the  bitemational 
Bureau  of  Weights  and  Measures  in  France.  The 


standard  meter  bar  was  maintained  at  the 
National  Bureau  of  Standards  in  Washington, 
D.C. 

Note  that  the  standard  of  length  was  the 
meter  even  for  countries  that  were  not  on  the 
metric  system.  The  yard  was  defined  in  terms 
of  the  meter,  1  yard  being  equal  to  0.0144  meter. 

In  1960,  the,  standard  of  length  was  changed 
by  internatioiuil  agreenient  tip  an  atomic  con- 
stant:' the  way^ength  of  the  orange-red  lig^t 
emitted  by  individual  atonuT  dt  kr]^cm-86  in  a 
tube  itUled  with  kr]n[yton>|^  in  w^^  an  elec- 
trical dischairge  is  maiifitained.  By  definition,  1 
meter  is  ei^ual  to  1,650,783.73  wavelengttis  of 
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Table  7-5.  —Selected  British-Metric  and  Metric -British  Conversions. 


TYPE  OF 

MECHANICAL     BRITISH-METRIC  CONVERSK)NS 
UNIT 


METRIC-BRITISH  CONVERSIONS 


LENGTH        1  inch  »  2. 540  centimeters 
1  foot  »  0. 3048  meter 
1  yard  =  0. 9144  meter 
1  mUe  =  1. 6093  kilometers 
1  mUe  =  1609. 3  meters 


1  centimeter  ^  0. 3937  inch 
1  meter  =  39. 37  inches 
1  kilometer  =  0.62137  mile 


AREA  1  in.^  =^  6.452cm^ 

1  ft^  =  929  cm^ 
1  yd^  =  0.  8361  m^ 
1  mi^  =  2. 59  km^ 


lOOmm^^  0.15499  in.  ^ 
100  cm^  ^  15.499  in.^ 
100  m^=  119. 6  yd^ 
1  km^  =  0. 386  mi^ 


VOLUME 


1  in.  ^  =  16.  387  cm^ 
1ft'  =  0.0283  m' 
1  yd'  =  0. 7646  m' 
231  in.'  3.7853literd 


1000  mm' »  0.06102  in.' 

1000cm'  =  61.02  in.' 

1  m'  =  35.314  ft' 

1  liter  =:  1.0567  liquid  quarts 


WEIGHT 


1  grain  =  0. 0648  gram 
1  ounce  =  23. 3495  grams 
1  pound  »  453. 592  grams 
1  pound  -  0. 4536  kilograms 


1  gram 
1  gram 
1  gram 
1  kilogram 


15.4324  grains 
0. 03527  ounce 
0. 002205  pound 
2. 2046  pounds 


United  States  standard  kilogram  mass  is  kept 
at  the  National  Bureau  at  Standards. 

The  standard  of  mass  is  kept  in  a  vault.  Not 
more  than  once  a  yeari  the  standard  is  removed 
from  the  vault  and  used  for  checking  the  values 
of  smaller  standards.  The  United  States  stand- 
ard kilogram  mass  has  been  taken  to  France 
twice  in  the  last  seven  years  for  comparison 
with  the  International  standard.  Every  precau- 
tion is  taken  to  keep  the  kilogram  standard  nuuis 
In  perfect  condltlooi  fr^e^  o(  nickSi  scratcheSi 
and  corrosion.  The  standard  is  always  handled 
with  forceps;  it  is  never  touched  )iy  human 
hands. 


When  the  national  standard  is  compared  on 
a  precision  balance  with  high  precision  copies, 
the  copies  are  found  to  be  accurate  to  within 
one  part  in  100  million. 

Time 

Befoi^  1960,  the  standard  of  time  was  the 
mean  solar  second— that  is,  1/86|400  of  a  mean 
solar  day,  as  determined  successive  iqp- 
pearances  of  the  sun  overheadi  averaged  over  a 
year.  In  1960^  the  standard  of  tinie  was  changed 
to  the  tropical  year  1900|  which  Is  the  time  it 
took  the  sun  to  move  from  a  designated  point 
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back  to  the  same  point  in  the  year  1900. 

By    definition,    1    second    was    eqyal  to 

1/31,556,925.9747  of  the  trqpical  year  1900. 
I  The  subdivision  of  the  tropical  year  1900  into 
\  smaller  time  intervals  was  accomplished  by 
1  means  of  laboratory-type  pendulum  clocks, 
1  together  with  observation  of  natural  phenomena 
-    such  as  the  nightly  movement  of  the  stars  and 

the  moon. 

Although  the  standard  of  time  was  changed 
to  the  tropical  year  1900  in  1960,  the  same 
General  Conference  of  Weights  and  Measures 

i  that  approved  this  change  also  urged  that  work 
go  forward  on  the  development  of  an  atomic 

'  clock.  In  1967,  the  General  Conference  of  Weights 
and  Measures  adopted  as  the  basic  standard 
of  time  the  time  required  for  the  transition 
between  two  energy  states  of  the  cesium- 133 
atom.  In  accordance  with  this  standard,  1  second 
is  defined  as  9,192,631,770  cycles  of  this  parti- 
cular transition  in  the  cesium-lSS  atom. 

The  United  States  standard  of  time  is  main- 
tained by  a  cesium  clock  which  is  kept  at  the 
National  Bureau  of  Standards  laboratories  in 
Boulder,  Colorado.  The  time  signals  that  are 
broadcast  by  four  radio  stations  operated  by 

>  the  National  Bureau  of  Standards  are  based  on 
this  cesium  clock. 

MEASUREMENT  OF  TEMPERATURE 

Temperature  is  measured  by  bringing  a 
measuring  system  (such  as  a  thermometer)  into 
contact  with  the  system  in  which  we  need  to 
j  measure  the  temperature.  We  then  measure 
some  property  of  the  measuring  system— the 
esqpansion  of  a  liquid,  the  pressure  of  a  gas, 
electromotive  force,  electrical  resistance,  or 
some  other  mechanical,  electrical,  or  optical 
property  that  has  a  definite  and  known  relation- 
ship with  temperature.  Thus  we  infer  the  tem- 
perature of  the  measured  system  by  the  mea- 
surement of  some  property  of  the  measiuring 
system. 

But  the  measurement  -  of  a  property  other 
than  temperature  will  take  us  only  so  far  in 
utUizing  the  measurement  of  temperature.  For 
convenience  in  comparing  temperatures  and  in 
noting  cluuiges  in  temperature,  we  must  be  able 
to  assign  a  numerical  value  to  any  givon  tem- 
perature. For  thiswe  need  temperature  scales. 

Until  1954,  temperature  scales  were  con- 
structed around  the  boilingpoif^t  and  the  freezing 
point  of  pure  water  at  atmospheric  pressure. 
These  two  fixed  and  reproducible  points  were 


used  to  define  a  fairly  large  temperature  in- 
terval which  was  then  subdivided  into  the  uni- 
form smaller  intervals  called  degrees.  The  two 
most  familiar  temperature  scales  constructed 
in  this  manner  are  the  Celsius  scale  and  the 
Fahrenheit  scale. 

The  Celsius  scale  is  often  called  the  centi- 
grade scale  ia  the  United  States  and  Great 
Britain.  By  international  agreement,  however, 
the  name  was  changed  trom  centigrade  to  Cel- 
sius in  honor  of  the  eighteenth-century  Swedish 
astronomer,  Anders  Celsius.  The  symbol  for 
a  degree  on  this  scale  (no  matter  whether  it  is 
called  Celsius  or  centigrade)  is  °C.  The  Cel- 
sius scale  takes  0°  C  as  the  freezing  point  and 
100°  C  as  the  boiling  point  of  pure  water  at 
atmospheric  pressure.  The  Fahrenheit  scale 
takes  32*"  F  as  the  freezing  point  and  212""  F 
as  the  boilftig  point  of  pure  water  at  atmospheric 
pressure.  The  interval  between  freezing  point 
and  boiling  point  is  divided  into  100  degrees 
on  the  Celsius  scale  anddivided  into  180  degrees 
on  the  Fahrenheit  scale. 

Since  the  actual  value  of  the  interval  between 
freezing  point  and  boiling  point  is  identical,  it 
is  apparent  that  numerical  readings  on  Celsius 
and  Fahrenheit  thermometers  have  no  absolute 
significance  and  that  the  size  of  the  degree  is 
arbitrarily  chosen  for  each  scale.  The  relation- 
ship between  degrees  Celsius  and  degrees 
Fahrenheit  is  given  by  the  formulas 

Op  =  4"    ''C  +  32 
5 

OC  =   -I-         -  32) 


Many  people  have  trouble  remembering  these 
formulas,  with  the  result  that  they  either  get 
them  mixed  up  or  have  to  look  them  up  in  a 
book  every  time  a  conversion  is  necessary.  If 
you  concentrate  on  trying  to  remember  the  Ixuiic 
relationships  given  by  these  formulas,  you  may 
find  it  easier  to  make  conversions.  The  essen- 
tial points  to  remember  are  these: 

1.  Celsius  degrees  are  larger  than  Fahren- 
heit degrees.  One  Celsius  degree  is  equal  to  1.8 
Fahrenheit  degrees,  and  each  Fahrenheit  degree 
is  only  5/9  of  a  Celsius  degree. 

2.  The  zero  point  on  the  Celsius  scale  re- 
presents exactly  the  same  temperature  as  the 
32-degree  point  on  the  Fahrenheit  scale. 
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C  and  212°  F 


3.  The  temperatures  100 
are  identical. 

In  some  scientific  and  engineering  work 
particularly    where    heat  cIlculationsTie 
involved,  an  absolute  temperature  scale  is  used 
The  zero  point  on  an  absolute  temperature  scale 
8  the  point  caUed  absdute  zero.  Absolute  zero 
is  determined  theoretically,  rather  than  by 
actual  measurement.  Since  the  pressure  of  a 
f^.^  constant  volume  is  direcUy  proportional 
to  the  temperatiu-e,  it  is  logical  to  assume  that 
the  pressure  of  a  gas  is  a  valid  measure  of 
its  temperatiiff .  On  this  assumption,  the  lowest 
possible  temp3.^ahire  (absolute  zero)  is  defined 
as  the  temperature  at  which  the  pressure  of  a 
gas  would  be  zero. 

Two  absolute  tt'mperature  scales  have  been 
in  use  for  many  y.?ars.  The  rankine  absolute 
scale  is  an  extensirji  of  the  FShJIHheit  scale: 
It  is  sometimes  called  the  Fahrenheit  absolute 
scale.  Degrees  on  the  Rankine  scale  are  the 
same  size  as  degrees  on  the  Fahrenheit  scale, 
d«  $7  0''^''°  °°  Rankine  scale  is  at 
-459.67°  Fahrenheit.  In  other  words,  absolute 
zero  is  zero  on  the  Rankine  scale  and  -459.67 
degrees  on  the  Fahrenheit  scale 

A  second  absolute  scale,  the  kelvin,  is  more 
widely  used  than  the  Rankine.  ThTKiivin  scale 
was  originaUy  conceived  as  an  extension  of  the 

Sff   Ifn  fK  °'  the  same  size 

but  with  the  zero  point  shifted  to  absolute  zero. 
Absolute  zero  on  the  Celsius  scale  is  -273.15°  C. 

In  1954,  a  new  International  absolute  scale 
was  developed.  The  new  scale  was  based  upon 
one  fixed  point,  rather  than  two.  The  one  fiied 
point  was  the  triple  point  of  water- that  is. 
ioiiH  """If**  P'^^es  of  wate; 

^   V,7L  V*"^'**'  can  exist  together  in 

To  ol  ''?-  ^hic!; 

IS  0.01  c  above  the  freezing  point  of  water. 
WM  chosen  because  it  can  be  reproduced  with 
much  greater  accuracy  than  either  the  freezing 
point  or  the  boUing  point.  On  this  new  scale. 

i^f  8iven  the  value  273.16  K 

TlS^  n«"her  the  word  "degrees'.'  nor  the 
f^?^J  J  .  instead,  the  unit  is  called 

a  ^'kelvin"  and  the  symbol  is  K  rather  uIS 

f.««S  .^5®"  *^*P*®  point  of  water  was 
Ji^fh^./f'*°P*^  "  the'-fUndamental  reference 
for  this  temperature  scale,  the  scale  was  glvea 
^te^-natlbnal  Practical  Temperatairp 
SMle.  However,  you  will  often  see  this  scale 
referred  to  as  the  Kelvin  scale. 


Although  the  triple  point  of  water  is  con- 
sidered the  basic  or  fundamental  reference  for 
the  International  Practical  Temperature  Scale, 
five  other  fixed  points  are  used  to  help  define 
the  scale.  These  are  the  freezing  point  of  gold, 
the  freezing  point  of  sUver,  the  boUing  point  S 
sulfur,  the  boiling  point  of  water,  and  the  boiling 
point  of  oxygen.  ^ 

Figure  7-1-  is  a  comparison  of  the  Kelvin 
(International-Practical),  Celsius,  Fahrenheit 
and  Rankine  (Fahrenheit-Absolute)  temperature 
scales.  All  of  the  temperature  points  listed 
above  absolute  zero  are  considered  as  fixed 
points  on  the  Kelvin  scale  except  for  the  freez- 
ing point  of  water.  The  other  scales,  as  pre- 
viously mentioned,  are  based  on  the  freezing 
and  boiling  points  of  water. 

TEMPERATURE  MEASURING  DEVICES 

Since  temperature  is  one  of  the  basic  en- 
gineering variables,  temperature  measurement 
is  essential  to  the  proper  operation  of  a  ship- 
board engineering  plant.  The  temperature  of 
Sr,";.^^*®*''  lubricating  oU,  and  other 

Vital  fluids  must  be  measured  at  frequent  in- 
tervals and  the  results  of  this  measurement 

^®  engineering 
records  and  logs.  * 

Devices  usedfor  measuring  temperature  may 
be  dasslfled  in  various  ways.  In  this  discussion 
we  wiU  consider  the  two  major  categories  of 
W  expansion  thermometers,  and  (2)  pyrometers 


E3Q)anslon  Thermometers 

Expansion  thermometers  operate  on  the 
principle  that  the  e^ansion  of  solids,  liquids, 
and  gases  has  a  known  relationship  to  tempera- 
ture changes.  The  types  of  expansion  thermome- 
ters discussed  here  are  (1)  liquld-ln-glass 
thermometers,  (2)  blmetaUic  e3q)ansion  ther- 
SeTm^omSers""  expansion 

T.  L/QyiD- IN -GLASS  THERMOMETERS.- 
l^iA^^'^J^^^  thermometers  are  probably  the 
oldest,  the  simplest,  and  the  most  widely  used 
devices  for  measuring  temperature.  A  llquld- 
to-glass  thermometer  (fig.  7-2)  consists  of  a 
bulb  and  a  very  fine  bore  capillary  tube  con- 
taining mercury,  mercury-thaUlum,  alcohol, 
toluol,  or  some  other  liquid  which  expand^ 
uniformly  as  the  temperature  rises  and  con- 
tracts uniformly  as  the  temperature  faUs.  Hie 
selection  of  liquid  Is  based  on  the  temperature 
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FREEZING  POINT  OF  60L0- 
FREEZING  POINT  OF  SILVER- 
BOILING  POINT  OF  SULFUR- 


(K)  Co 
1336.2 


TR) 


BOILING  POINT  OF  WATER- 


1234.0 


717.8 


373.19 


1063.0 


960.8 


444.6 


100.0 


1945.4 


1761.4 


832.3 


212.0 


TRIPLE  POINT  OF  WATER-  - 
FREEZING  POINT  OF  WATER- 


273.16 
273.19 


0.01 


32.018 


32.00 


BOILING  POINT  OF  OXYGEN- 


90.18 


ABSOLUTE  ZERO  


CONVERSION  FACTORS 
TEMP  F-l- 40>  1.8  (TEMP  C-I-40I  KELVIN 
TEMP  F  -  1.8  (TEMP  CI  4-32  (INTERNATIONAL- 
TEMP  C  >  (TEMP  F-32)/  1.8  PRACTICAL! 
TEMP  K>  TEMP.C  +273.19 


H82.97 


-273.19 


-297.39 


-499.67 


2409.07 


2221.07 


1291.97 


671.67 


491.708 


491.69. 


162.32 


CELSIUS  FAHRENHEIT 


RANKINE 

(FAHRENHEIT- 
ABSOLUTE) 


33.11(1478) 

Figure  7-l.->Comparison  of  Kelvin^  CelsiuSi  Fahrenheit,  and  Rankine  temperature. 


range  in  which  the  thermometer  is  to  be  used. 
Mercury  (or  mercury-thallium)  is  commonly 
used  because  it  is  a  liquid  over  a  wide  range 
of  temperatures  (—60''  to  1200''F)  and  because 
it  has  a  nearly  constant' coefficient  of  e^qpans  ion.  5 
Almost  all  liquid-in-glassthertnometersare 
sealed  so  that  atniospheric  pressure  will  not 


^Not  all  liquids  are  suitable  for  use  In  thermometers. 
Water,  for  example,  would  be  an  abnost  impossible 
choioe  as  a  thermometric  liquid  at  ordinary  temper- 
atures because  its  oo0nioieiit  of  expansion  varies 
enormously  at  temperatures  near  0*  C.  In  the  temper- 
ature range  between  0*  C  and  4*  C,  water  expands 
when  cooled  and  contracts  when  heated;  thus  It  actually 
has  a  negative  coefficient  of  expansion  in  this  range. 


affect  the  reading.  The  space  above  the  liquid 
in  this  type  of  thermometer  may  be  a  vacuum 
or  it  may  be  filled  with  an  inert  gas  such  as 
nitrogen,  argon,  or  carbon  dioxide. 

The  capillary  bore  may  be  either  round  or 
elliptical.  In  any  case,  it  is  very  small  so  that 
a  relatively  snmll  esqpansion  or  contraction  of 
the  liquid  will  cause  a  relatively  large  change 
in  the  position  of  the  liquid  in  the  capillary  tube. 
Although  the  capillary  bore  itself  is  very  small 
in  diameter,  the  walls  of  the  capillary  tube  are 
quite  thick.  Most  liquid^in-glass  thermometers 
are  made  with  an  expansion  chamber  at  the  top 
of  the  bore  to  provide  a  marg^  of  safety  for 
the  instrument  if  it  should  accidentally  be  over- 
heated. 
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Llquld-ln-glafls  thermometers  may  have 
graduations  etched  directly  on  the  glass  stem 
or  the  graduations  may  be  carried  on  a  separate 
strip  of  material  which  Is  placed  behind  the 
stem.  Many  thermometers  used  In  shipboard 
engineering  plants  have  the  graduations  marked 
on  a  separate  strip,  since  this  type  Is  In  general 
easier  to  read  than  the  type  which  has  the 
graduations  marked  directly  on  the  stem. 

Llquld-ln-glass  thermometers  are  made  In 
various  designs.  The  stem  may  be  straight  or 
It  may  be  angled  In  various  ways,  depending 
upon  the  requirements  of  service.  The  thermom- 
eters may  be  armored  or  they  may  be  partially 
enclosed  by  a  metal  case,  if  such  protection  Is 
necessary.  Several  types  of  angle-stem  llquld- 
ln-glass  thermometers  of  the  type  commonly 
used  aboard  ship  are  shown  In  figure  7-3.  These 
thermometers  are  used  In  5-lnch,  7-lnch,  and 
9- Inch  scale  lengths.  However,  bimetallic  ther- 
mometers are  currently  being  substituted  aboard 
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ship  for  the  5-lnch  scale  Uiuld- In-glass  ther- 
mometers. 

Most  liquid -lis -glass  thermometers  used 
aboard  ship  are  provldedwlth*^ells  or  separable 
sockets.  Th«?  well  Is  Installed  In  the  piping  sys- 
tem  or  ei|viipment  where  the  temperature  Is  to 
be  measured,  and  the  thermometer  glass  bulb 
and  part  of  the  glasM  stem  are  fitted  Into  a  thin 
metal  protection  tube,  packed  with  a  heat- 
transfer  material,  and  fastened  In  place  in  the 
well.  The  well  Is  made  of  metals  that  will 
withstand  the  temperatures,  pressures,  and 
fluid  velocities  without  damage;  It  protects  the 
glass  sensing  bulb  against  damage  and  also 
eliminates  the  need  for  closing  down  a  system 
or  securing  a  piece  of  machinery  merely  in 
order  to  replace  a  thermometer. 

One  disadvantage  of  the  well  type  of  Instal- 
latlon  Is  that  a  certain  amount  of  time  Is  re- 
quired for  the  thermometer  to  reach  thermal 
equilibrium  with  the  system  in  which  the  tem- 
perature Is  being  measured.  To  some  extent, 
the  time  lag  can  be  decreased  by  filling  the  space 
around  the  bulb  in  the  well  with  a  heat  transfer 
medium  such  as  graphite.  Where  rapldresponse 
to  temperature  changes  Is  a  vital  requirement, 
however,  bare  bulb  thermometers  are  used  in- 
stead of  the  well  type  of  installation.  Bare  bulb 
thermometers  have  very  much  faster  response 
to  changes  in  temperature,  but  they  cannot  be 
removed  for  replacement  or  servicing  while 
the  machinery  Is  operating  or  the  line  is  under 
pressure. 
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Figure  7-2.-Ll(juld-ln-glas8  thermometer. 
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Figure  7-3.-Angle-stem  llquld-ln-glass  ' 
thermometers. 
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Where  special  requirements  exist,  special 
types  of  liquid- in-glass  thermometers  are  used. 
For  example,  maximum  and  minimum  indica- 
ting thermometers  are  used  in  magazines  aboard 
ship,  for  weather  observations,  and  for  various 
other  applications  where  it  is  necessary  to 
know  the  highest  and  the  lowest  temperatures 
that  have  occurred  during  a  certain  interval 
of  time.  One  type  of  maximum  indicating  ther- 
mometer is  shown  in  figure  7-4,  and  one  type 
of  minimum  indicating  thermometer  is  shown 
in  figure  7-5. 

The  maximum  indlicatingthermometer  shown 
in  figure  7*-4  is  a  mercury  thermometer  with 
a  special  constriction  in  the  bore<  When  the 
temperature  rises,  the  pressure  of  the  e:q;>and- 


ing  mercury  in  the  bulb  forces  mercury  past 
the  constriction  in  the  bore.  When  the  tempera- 
ture falls,  the  mercury  does  not  return  to  the 
bulb.  Why?  Even  if  the  thermometer  were  in  an 
iqpright  position,  the  constriction  in  the  bore 
would  prevent  the  normal  return  flow  of  mercury 
by  gravity;  in  addition,  the  maximum  indicating 
thermometer  is  mounted  with  the  bulb  a  few 
degrees  above  the  horizontalposition,sothatthe 
mercury  column  slopes  downward  from  the  con- 
striction. Thus  the  thermometer  always  indi- 
cates the  highest  temperature  that  has  been 
reached  since  the  instrument  was  last  set.  Ex- 
pansion and  contraction  of  the  mercury  in  the 
bore  above  the  constriction  does  occur  with 
temperature  changes,  but  it  is  so  slight  as  to 
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Figure  7-4.— Maximiun  indicating  thermometer. 
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Figure  7-S.*Minimum  indicating  thermometer. 
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be  negligible  for  most  purposes  because  only  a 
very  smaU  amount  of  mercury  is  contained  in 
the  very  narrow  bore. 

I  J''®  minimum  Indicating  thermometer  shown 
in  figure  7-5  is  an  alcohol- in-glass  thermometer 
M^th  an  unusually  large  bore.  The  upper  part  of 
the  bore  is  filled  with  airunderpressureto  help 
prevent  evaporation  of  the  alcohol.  The  ther- 
mometer is  mounted  with  the  bulb  afewdegrees 
below  the  horizontalposition.  A  dumbbell-shaped 
piece  of  black  glass  (called  an  index)  is  the 
device  that  makes  possible  a  readirigHThe  mini- 
mum temperature  that  has  occurred  since  the 
thermometer  was  last  set.  As  the  temperature 
Increases,  the  alcohol  readily  flows  upward  past 
the  index  without  moving  it.  As  the  temperahire 
decreases,  the  retreating  alcohol  column  flows 
^st  the  index  until  the  top  of  the  column  touches 
the  upper  end  of  the  index.  With  a  further  de- 
crease in  temperature,  the  alcohol  retreats  still 
more  and  surface  tension  causes  the  index  tobe 
carried  along  down  with  the  column.  If  the  tem- 
5fl*^'®.^P'®*^®^  again,  the  index  is  left  un- 
disturbed at  its  lowest  ixftnt  while  the  alcohol 
column  rises  again.  TMus  the  top  of  the  index 
always  indicates  the  J6west  temperature  that  has 
occurred  since  the  thermometer  was  last  set. 

ETpS^B.^^i'n.  EXPANSION  THERMOM- 
ETER.-Bimetallic  expansion  thermometers 
make  use  of  the  fact  that  different  metals  have 
different  coefficients  of  linear  expansion^  The 
fhn^"*^  element  in  a  bimetallic  expansion 
thermometer  is  a  bimetallic  strip  consisting  of 
two  layers  of  different  metals  ftised  together 
When  such  a  strip  is  subjected  to  temperature 
changes,  one  layer  expands  or  contracts  more 
than  the  other,  thus  tending  to  change  the  cur- 
vature of  the  strip. 

The  basic  principle  of  a  bimetallic  expansion 
thermometer  is  iUustrated  in  figure  7-6  When 
one  end  of  a  straight  bimetallic  strip  is  fixed  in 

5SfVil\°*''^'L®"***^**^*°<^"'^«a^y'«>m  the 
side  that  has  the  greater  coefficient  of  linear 
e:q)ansion  when  the  strip  is  heated. 


JiL,  .t  e^PMBton  is  defined  as  the 

S^TJ*"  P®'  P®'  «te8ree  change  In 

?2fr^T'.^  i??PPa«nt£rodj,is'Arfinltionrthe 
ooefflolent^Unear  expaiilon 
is  ind^dent  of  the  units  in  which  the  length  iTex- 
pressed  but  is  not  independent  of  thetemperaSeloUe 
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Figure  7-6.-Effect  of  unequal  expansion  'of 
bimetallic  strip. 

For  use  In  thermometers,  the  bimetallic 
strip  is  normally  wound  into  a  flat  spiral  (fig 

V'^\^^^^^  °'  *  multiple  helix.  The 
end  of  the  strip  that  is  not  fixed  in  position  is 
fastened  to  the  end  of  a  pointer  which  moves 
over  a  circular  scale.  Bimetallic  thermometers 
are  easUy  adapted  for  use  as  recording  ther- 
mometers; a  pen  is  attached  to  the  pointer  and 
is  positioned  in  such  a  way  that  it  marks  on  a 
revolving  chart. 

Bimetallic  thermometers  used  aboard  ship 
are  normally  used  in  thermometer  weUs.  The 
wells  are  interchangeable  with  those  used  for 
mercury-in-glass  thermometers. 

FILLED-SYSTEM  THERMOMETERS.-Ih 
general,  filled-system  thermometers  are  de- 
signed for  use  in  locations  where  the  indicating 
part  of  the  instrument  must  be  placed  some 
distance  away  from  the  point  where  the  tem- 
perature is  to  be  measured.7  For  this  reason 
they  are  often  caUed  distant-reading  thermom- 
eters. 

A  fiUed-system  thermometer  (fig.  7-8)  con- 
sists  essentially  of  a  hollow  metal  sensing  bulb 

^This  is  not  true  of  all  flUed-system  thermometers 

Md  in  a  ftw  it  is  nonexistent.  In  general,  howeve" 
flll^d-system  thermometers  are  designed  totodls- 

S"««!2i"?.f'*'"'"'''"**«'«'  most  oftSm  in 
S^ff"*  purpose.  Some  distant-reading  tt*r- 
mometers  may  have  capillaries  as  long  aTlM  feet. 
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at  one  end  of  a  small-bore  capillary  tube,  con- 
nected at  the  other  end  to  a  Bourdon  tube  or  other 
device  which  responds  to  volume  changes  or  to 
pressure  changes.  The  system  is  partially  or 
completely  filled  with  a  fluid  which  expands  when 
heated  and  contracts  when  cooled.  The  fluid  may 
be  a  gas,  mercury,  an  organic  liquid,  or  a  com- 
bination of  liquid  and  vapor. 

The  device  usually  used  to  Indicate  tempera- 
ture changes  by  its  response  to  volume  changes 
or  to  pressure  changes  is  called  a  Bourdon 
tube.^  A  Bouiidpn  tube  is  a  curved  or  twisted 
tube  which  is  open  at  one  end  and  sealed  at  the 
other.  The  open  end  of  the  tube  is  fixed  in  posi- 
tion and  the  sealed  end  is  free  to  move.  The 
tube  is  more  or  less  elliptical  In  cross  section; 
it  does  not  form  a  true  circle.  The  cross  section 
of  a  noncircular  tube  which  is  sealed  at  one  end 
tends  to  become  more  circular  when  there  is  an 
increase  in  the  volume  or  in  the  internal  pres- 
sure of  the  contained  fluid,  and  this  tends  tc 
straighten  the  tube.  Opposing  this  action,  the 
sprlne  action  of  the  tube  metal  tends  to  coil  the 
tube.^  Since  the  open  end  of  the  Bourdon  tube 
is  rigidly  f^ened,  the  sealed  end  moves  as 
the  volume  or  pressure  of  the  contained  fluid 
changes.  When  a  pointer  is  attached  to  the  sealed 
end  of  the  tube  through  appropriate  linkages, 
and  when  the  assembly  is  placed  over  an  appro- 
priately calibrated  dial,  the  result  is  a  Bourdon- 
tube  gage  that  may  be  used  for  measuring  tem- 
perature or  pressure,  depending  upon  the  design 
of  the  gage  and  the  calibration  of  the  scale. 

Bourdon  tubes  are  made  in  several  shapes 
for  various  applications.  The  C-shaped  Bourdon 
tube  shown  in  figure  7-9  is  perhaps  the  most 
commonly  used  type;  spiral  and  helical  Bourdon 
tubes  are  used  where  design  requirements  in- 
clude the  need  for  a  longer  length  of  Bourdon 
tube. 

There  are  two  basic  types  of  filled-system 
thermometers:  those  in  which  the  Bourdon  tube 
responds  primarily  to  changes  in  the  volume  of 


8 

Bourdon  tubes  are  sometimes  called  Boiupdon  so 
Bourdon  elements^  or  simply  Bourdons.  Other  oevioes 
such  as  bellows  or  dii^hragms  are  used  in  some 
niled- system  thermometers*  but  th6y  are  no  means 
as  common  as  the  Bourdon  tube  for  this  application 

The  precise  natjuure  of  Boiir don-tube  tn£>y 
pressure  and  volume  ohangiss  is  eiidremiied^  com 
and  not  completely  desoribable  in  pitreiy  analy^ 
terms.  Bourtbn-tube  instrtbinents  are^^^^ 
specific  applications,  on  the  basis  of  a  seriea'of  em-* 
pirioal  observations  and  tests. 
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Figure  7-7.— Bimetallic  thermometer 
(flat  spiral  element). 

the  filling  fluid  and  those  in  which  the  Bourdon 
tube  responds  primarily  to  changes  in  the  pres- 
sure of  the  filling  fluid.  Obviously,  there  is 
always  some  pressure  effect  in  volumetric 
thermometers  and  some  volumetric  effect  in 
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Figure  7r8.— Distant- reading  Bourdon-tube 
thermometer. 
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Figure  7-10.-Slmple  thermocouple. 
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entire  spectrum  of  radiant  energy,  while  optical 
pyrometers  are  sensitive  to  only  one  wavelength 
or  to  a  very  narrow  band  of  wavelengths. 

Figure  7-11  Illustrates  schematically  the 
general  operating  principle  of  a  simple  radla«- 
tlon  pyrometer.  Radiant  energy  from  the  hot 
object  Is  concentrated  on  the  detecting  device 
by  means  of  a  lens  or,  In  some  cases,  a  conical 
mirror  or  a  combination  of  mirror  and  lens. 
The  detecting  device  may  be  a  thermocoiqple,  a 
thermopile  (that  Is,  a  group  of  thermocouples 
In  series),  a  photocell,  or  some  other  element 
In  which  some  electrical  quantity  (emf,  resist- 
ance, etc.)  varies  as  the  temperature  of  the 
hot  object  varies.  The  meter  or  Indicated  part 
of  the  Instrument  may  be  a  mllUvoltmeter  or 
some  similar  device. 

An  optical  pyrometer  measures  temperature 
by  comparing  visible  light  emitted  by  the  hot 
object  with  light  from  a  standard  source.  A 
common  type  of  optical  pyrometer  Is  shown  In 
figure  7-12.  This  Instrument  consists  of  an 
eyepiece,  a  telescope  which  contains  a  filament 
similar  to  the  filament  of  an  electric  light  bulb 
and  a  potentiometer. 

The  person  operating  the  optical  pyrometer 
looks  through  the  eyepiece  and  focuses  the 
telescope  on  the  hot  object,  meanwhile  also 
observing  the  tin  glowing  filament  across  the 
field  of  the  telescope.  While  watching  the  hot 
object  and  the  filament,  the  operator  adjusts 
the  filament  current  (and  consequently  the 
brightness  of  the  filament)  by  turning  a  knob  on 
the  potentiometer  until  the  filament  seems  to 
disappear  and  to  merge  with  the  hot  object. 
When  the  filament  current  has  been  adjusted 
so  that  the  filament  just  matches  the  hot  object 
In  brightness,  the  operator  turns  another  knob 


slightly  to  balance  the  potentiometer.  The  poten- 
tiometer measures  filament  current  but  the  dial 
Is  calibrated  In  degrees  of  temperature.  As  may 
be  noted  from  this  description,  this  type  of  opti- 
cal pyrometer  requires  a  certain  amount  of  skill 
and  judgment  on  the  part  of  the  operator.  In 
some  other  types  of  optical  pyrometers,  auto- 
matic operation  Is  achieved  by  use  of  photo- 
electric cells  arranged  In  a  bridge  network. 

MEASUREMENT  OF  PRESSURE 

Pressure,  like  temperature,  Is  one  of  the 
basic  engineering  variables  and  one  that  must 
frequently  be  measured  aboard  ship.  Before  tak- 
ing up  the  devices  used  to  measure  pressure,  let 
us  consider  certain  definitions  that  are  Important 
In  any  discussion  of  pressure  measurement. 

PRESSURE  DEFINmONS 

Pressure  Is  defined  as  force  per  unit  area. 

The  simplest  pressure  units  are  ones  that 
Indicate  how  much  force  Is  applied  to  an  area 
of  a  certain  size.  These  units  include  pounds 
per  square  Inch,  pounds  per  sqpare  feet,  ounces 
per  square  Inch,  newtons  per  square  millimeter, 
and  djrnes  persquare  centimeter,  depending  upon 
the  system  being  used. 

You  win  also  find  another  kind  of  pressure 
unit,  and  this  type  appears  to  Involve  length. 
These  units  Include  Inches  of  water.  Inches  of 
mercury  (Hg),  and  Inches  of  some  other  liquid 
of  known  density.  Actually,  these  units  do  not 
Involve  length  as  a  fundamental  dimension. 
Rather,  length  Is  taken  as  a  measure  of  force 
or  weight.  For  example,  a  reading  of  1  Inch  of 
water  (1  In.  H2O)  means  that  the  exerted  pres- 
sure Is  able  to  support  a  colunm  of  water  1  Inch 
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Figure  7- 11. -Simple  radiation  pyrometer. 
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Figure  7-12.-Optlcal  pyrometer. 
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^\'a  u*"         *  °'  water  In  a  U-tube 

would  be  displaced  1  inch  by  the  pressure  belnK 
measured.  Similarly,  a  reading  of  12  Inches  of 
mercury  (12  In.  Hg)  means  thit  Uie  measur^ 
pressure  Is  sufficient  to  support  a  column  of 
mercury  12  Inches  high.  What  is  JeaUy  being 
expressed  (even  though  It  Is  not  mentioned  In  the 
pressure  unit  Is  the  fact  that  a  certain  quantuj 

J  «o2ifS  """^  a  certain  definite  force  upon 
a  specified  area.  Pressure  Is  still  force  per 

even  If  the  pressure  unit  refers  to 
Inches  of  some  liquid. 

*m,i*J^  necessary  to  convert  from  one 

Pfl^,^""       to  another.  Complete  con- 

LnH^u.**''^^  many  texts  and 

handbooks.  Conversion  factors  for  pounds  per 

wlte^arS^'''  °'  mercury,  and  Inches  of 

1  In.  Hg=  0.49  psl 
1  psl  =  2.036  In.  Hg 

1  In.  H20  =  0.036  psl 
1  psl  =  27.68  In.  HgO 


1  In.  HoO  =  0.074  In.  Hg 
1  In.  Hg=  13.6  In.  HgO 

^rolf  J^l?"^,"""/  pressure  measurements,  a 
great  deal  of  confusion  arises  because  the  zero 
point  on  most  pressure  gages  represents  at- 
mospherlc  pressure  rather  than  zero  absolute 
pressure.  Thus  It  Is  often  necessary  to  specify 
the  kind  of  pressure  being  measured  under  any 
given  conditions.  To  clarify  the  numerous  mean- 
ings of  the  word  pressure,  the  relationships 
among  gage  pressure,  atmospheric  pressure 
In  «gu"e  ^^3*''^°^"*®  pressure.  Is  Illustrated 

on  ^4^f^Sur£*s  the  pressure  actually  shown 
on  the  dial  of  a  gage  that  registers  pressure  at 
or  above  atmospheric  pressure.  An  ordinary 

°'  d°es  not  meaJi 
that  there  Is  no  pressure  In  the  absolulTsense: 
rather.  It  means  that  there  Is  no  pressure  In 
excess  of  atmospheric  pressure. 

Atmospheric  prpnanro  Is  the  pressure  exert- 
ed by  the  weight  of  the  atmosphere.  At  sea  level 
the   average  pressure  of  the  atmosphere  Is 
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14.7  PSIA 

ATMOSPHERIC  PRESSURE 

OPSIG  ^ 

PRESSURE 
(PSIG) 

.  OPSI^ 

[AVERAGE  AT  SEA  LEVEL) 

0In.H9. 
29S2tn.Ha 

^VACUUM 
Oft.Hg.) 
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Figure  7-13.— Relationships  among  gage  pres- 
sure, atmospheric  pressure,  vacuum,  and 
absolute  pressure. 

sufficient  to  hold  a  column  of  mercury  at  the 
height  of  76.0  millimeters  or  29.92  Inches  of 
mercury.  Since  a  column  of  mercury  1  inch  high 
exerts  a  pressure  of  0.49  pound  per  square  inch, 
a  column  of  mercury  29.92  Inches  high  exerts  a 
pressure  that  Is  equal  to  29.92  x  0.49,  or  ap- 
proximately 14.7  psl.  Since  we  are  dealing  now  in 
absolute  pressure,  we  say  that  the  average 
atmospheric  pressure  at  sealevel  Is  14.7  pounds 
per  square  inch  absolute.  It  Is  zero  on  the 
ordinary  pressure  gage. 

Notice,  however,  that  the  figure  of  14.7 
pounds  per  square  inch  absolute  (psla)  repre- 
sents the  average  atmospheric  pressure  at  sea 
level,  and  does  not  always  represent  the  actual 
pressure  being  exerted  by  the  atmosphere  at  the 
moment  that  a  gage  is  b^lng  read. 

Barometric  pressure  Is  the  term  used  to 
describe  the  actual  atmospheric  pressure  that 
exists  at  any  given  moment.  Barometric  pres- 
sure may  be  measured  by  a  simple  mercury 
column  or  by  a  specially  designed  instrument 
called  an  aneroid  barometer. 

A  space  In  which  the  pressure  is  less  than 
atmospheric  pressure  is  said  to  be  under 
vacuum.  The  amount  of  vacuum  Is  expressed  in 
terms  of  the  difference  between  the  absolute 


pressure  in  the  space  and  the  pressure  of  the 
atmosphere.  Most  commonly,  vacuum  is  ex- 
pressed in  Inches  of  mercury,  with  the  vacuum 
gage  scale  marked  from  0  to  30  Inches  of  mer- 
cury. When  a  vacuum  gage  reads  zero,  the  pres- 
sure in  the  space  is  the  same  as  atmospheric 
press'are— or,  in  other^  words,  there  is  no 
vacuum.  A  vacuum  gage  reading  of  29.92  inches 
of  mercury  would  indicate  a  perfect  (or  nearly 
perfect)  vacuum.  In  actual  practice,  it  is  Im- 
p09slble  to  obtain  a  perfect  vacuum  even  under 
laboratory  conditions. 

Absolute  pressure  is  atmospheric  pressure 
plus  gage  pressure  or  minus  vacuum.  For  exam- 
pie,  a  gage  pressure  of  300  pslg  equals  an 
absolute  pressure  of  314.7  psla  (300  ♦  14.7).  Or, 
for  example,  consider  a  space  In  which  the 
measured  vacuum  is  10  Inches  of  mercury 
vacuum;  the  absolute  pressure  in  this  space 
must  then  be  19.92  or  approximately  20  Inches 
of  mercury  absolute.  It  is  Important  to  note  that 
the  amount  of  pressure  in  a  space  under  vacuum 
can  only  be  expressed  In  terms  of  absolute 
pressure. 

You  may  have  noticed  that  sometimes  we  say 
pslg  to  indicate  gage  pressure  and  other  times 
we  merely  say  psl.  By  common  convention,  gage 
pressure  Is  always  assumed  when  pressure  is 
given  In  pounds  per  square  Inch,  pounds  per 
square  foot,  or  similar  units.  The  "g'*  (for 
gage)  is  added  only  when  there  is  some  possi- 
bility of  confusion.  Absolute  pressure,  on  the 
other  hand,  Is  always  expressed  as  pounds  per 
square  inch  absolute  (psla),  pounds  per  square 
foot  absolute  (psfa),  and  so  forth.  It  Is  always 
necessary  to  establish  clearly  just  what  kind  of 
pressure  ^e  are  talking  about,  unless  this  Is 
very  clear  from  the  nature  of  the  discussion. 

To  this  point,  we  have  considered  only  the 
most  basic  and  most  common  units  of  measure- 
ment. It  is  Important  to  remember  that  hundreds 
of  other  units  can  be  derived  from  these  units, 
and  that  specialized  fields  require  specialized 
units  of  measurement.  Additional  units  of  meas- 
urement are  introduced  In  appropriate  places 
throughout  the  remainder  of  this  training  man- 
ual. When  yon  encounter  more  complicated  units 
of  measurement,  you  may  find  It  helpful  to  re- 
vleW  the  basic  information  given  here  previously. 

PRESSURE  MEASURING  DEVICES 

Most  pressure  measuring  devices  used 
aboard    ship    utilize  medianlcal  pressure 
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elements.!!  There  are  two  major  classes  of 
mechanical  pressure  elements:  (1)  liquid-col- 
umn  elements,  and  (2)  elastic  elements. 

Liquid-C(flumn  Elements 

inGi«iT"?i:- P'««''"'e  measuring  elements 
*  '^^V''''^  commonly  referred  to  as 
harometers  and  manometers.  Llquid-column 
elements  are  simple,  reltoWe,  and  accSi^ 
s?vSvff!«l^.?  particularly  (although  not  exdu-' 
sively)  for  the  measurement  of  relatively  low 

U^Sf!.'  °'  P""""'  dUfereitii^ 

Liquids  commonly  used  in  this  type  of  pressure 
gage  include  mercury,  water,  aiidalcohol 
-i-j"®***.       «'»P!«st  kinds  of  liquid-column 
elements  is  the  fixed-cistern  barometer  (fieT- 

iSr^M  *°  measure  atmoShericptI: 

tZ  tJl"^^*^  "^'^y"  ^  «»e  liqSid  in 
this  type  of  instrument.  Atmospheric  pressure 

^'^S.*^"  "^^^^^  the  mercury^; 
end,  and  since  there  is  a  vacuum  above  the 
rfhi^.i'  »»«'8ht  of  the^rc,?; 

to  the  tube  is  at  aU  times  an  indication  of  S 
existing  atmospheric  (barometric)  pressure, 
m--.'  ."*  l""*"*^  liquid-column  element  for 
meMurlng  absolute  pressure  Is  shown  to  f ig^ 

this  device  Is  mercSy. 
There  is  a  vacuum  above  the  mercury  at  the 

2?^'e'?t°'.H*^'  endTtoe  tuSe 

is  ejjposed  to  the  pressure  to  be  measured.  The 

Ttoe  ifS"2^H  by  the  dlfferencl 

in  the  height  of  the  two  mercury  columns. 
Manometers  are  avaUable  Ui  many  different 

liT«^?  A^%y"*"'*t  »»'««>i!y  recognizable, 
Sf«  ?t'J^  »«t  insome  design^ 

the  U-tube  is  inverted  or  inclUied  at  an  andeT 
The  so-caUed  slngle-tube  or  siaSit^Si 
manomrter  (part  B  of  fig.  7-16)  JcSuy  a 
U-tube  in  Which  only  one  leg  Is  made  crf^Ms 


Elastic  Elements 

'or  pressure  mea- 
surement Uidude  Bourdon  ttibes.  bellows  and 

fi?  elartiSeSS 
are  suitable  for  use  Ui  pressure  gages,  vacuum 

gages,  and  compound  (both  pressuSSdvrcSSS 


i!!?]2ll?J5!f*  pressure  measur- 
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Figure  7-14.-Slmple  Barometer  (fi^^StS) 
for  measuring  atmospheric  pressure. 

Ws.  Bourdon-tube  elements  are  suitable  for 

m  SnSr'^*  pressures,  up  Z 

100,000  psig.  The  upper  limit  for  beUows  de- 
ments IS  about  800  psig  and  for  dlaphnSS  Z- 
£«r*«  «bo«t400  p8ig.  Diaphrag^Si  iSd 
beUows  elements  are  commonly  used  for  the 
measurement  of  very  high  vacuum  (or  very  low 
absolve  pressure)  but  Beurdon  tubes  cii  S 
used  for  such  applications. 

B«.?2^?2?-T"®^^^'^IC  ELEMENTS.- 
Bourdon-tube  elements  used  in  pressure  xaees 

r  rnS'L:;:  ««e  aa  thosfdesc^ilSfS 
*  '"!e<»-«ystem  thermometers.  Bourdon 

««>e  Of  brass, 

pho^hor  bronae,  stainless  steel,  beryUium- 
copper,  or  other  metals,  depending  upon  the 
requirements  of  service. 

.ififr^?*:*^*?  pressure  gages  are  often  das- 
"  or  duplex,  depending  upon 

Whether  they  measure  One  pressure  wptwo  A 
Simplex  gage  such  as  the  one  shown  in  figures 
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147.57 

Figure  7-15.-.U-tube  liquld-ccdtunn  element  for 
measuring  absolute  pressure. 


I 


7-17,  7-18,  and  7-19  has  only  one  Bourdon  tube 
and  measures  only  one  pressure.  (The  pointer 
marked  RED  HAND  in  figure  7-17  is  a  manually 
positioned  hand  that  Is  set  to  the  normal  working 
pressure  of  the  machinery  or  equipment  on 
which  the  gage  is  installed;  the  hand  marked 
POINTER  is  the  only  hand  that  moves  in  re- 
sponse to  pressure  changes.) 

When  two  Bourdon  tubes  are  mounted  in  a 
single  case,  with  each  mechanism  acting  inde- 
pendently but  with  the  two  pointers  motmted  on 
a  common  dial,  the  assembly  is  called  a  duplex 
gage.  The  dial  of  a  duplex  gage  is  shown  in 
figure  7-20.  The  two  Bourdon  tubes  and  the 
cqperating  mechanism  are  shown  in  figure  7-21, 
and  the  gear  mechanism  is  shown  in  figure  7- 
22.  Note  that  each  Bourdon  tube  has  its  own 
pressure  connection  and  its  ownpointer«  Duplex 
gages  are  used  to  give  simultaneous  indication 
of  the  pressure  at  two  different  locations. 

Bourdon-tube  vacuum  gages  are  marked  off 
in  inches  of  mercury,  as  shown  in  figure  7-23. 


RED  HAND 


POINTER 


B 


61.4X 

Figure  7-16.-TWO  types  of  manometers* 
(A)  Standard  U-tube.  (B)  Single-tube. 


38.211BX 

Figure  7- 17. -Dial  of  a  simplex  Bourdon-tube 
pressure  gage* 
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38,211  AX 

Figure  7-18.— Operating  mechanism  of  simplex 
Bourdon-tube  pressure  gage. 


38.211FX 

Figure  7-20.— Dial  of  a  duplex  Bourdon-tube 
pressure  gage. 
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Figure  7-19.— Gear  mechanism  of  simplex 
Bourdon-tube  pressure  gage 


When  a  gage  Is  designed  to  measure  both  vacu- 
um and  pressure,  it  Is  called  a  compound  gage 
and  Is  marked  off  both  In  Inches  of  mercury 
and  In  pslg,  as  shown  In  figure  7-24. 
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38.211G 

Figure  7-21.— Two  Bourdon  tubes  and  operating 
mechanism  of  duplex  Bourdon-tube  pressure 
gage. 


ERLC 


140 


144 


Chapter  7-PRINCIPLES  OF  MEASUREMENT 


38.211  CA 

Figure  7«22.~Gear  mechanism  of  duplex 
Bourdon-tube  pressure  gage. 


]  38.211DX 
i       Figure  7-23.— Bourdon-tube  vacuum  gage. 

Differential  pressure  may  also  be  measured 
I  with  Bourdon-tube  gages.  One  kind  of  Bourdon- 
I  tube  differential  pressure  gage  is  shown  in 
:  figure  7-25.  This  gage  has  two  Bourdon  tubes 


38.211EX 

Figure  7-24.— Compound  Bourdon-tube  gage. 


but  only  one  pointer.  The  Bourdon  tubes  are 
connected  in  such  a  way  that  it  is  the  pressure 
difference,  rather  than  either  of  the  two  actual 
pressures,  that  is  indicated  by  the  pointer. 

BELLOWS  ELASTIC  ELEMENTS.-A  bel- 
lows elastic  element  is  a  convoluted  unit  that 
expands  and  contracts  axially  with  changes  in 
pressure.  The  pressure  to  be  measured  can  be 
applied  to  the  outside  or  to  the  inside  of  the 
bellows;  in  practice,  most  bellows-type  measur- 
ing devices  have  the  pressure  apiflled  to  the 
outside  of  the  bellows,  as  shown  in  figure  7-26. 
Bellows  elastic  elements  are  made  of  brass, 
phosphor  bronze,  stainless  steel,  beryllium- 
copper,  or  other  metal  suitable  for  the  intended 
service  of  the  gage. 

Most  bellows-type  gages  are  spring-loaded— 
that  is,  a  spring  opposes  the  bellows  and  thus 
prevents  full  expansion  of  the  bellows.  Limiting 
the  expansion  of  the  bellows  in  this  way  pro- 
tects the  bellows  and  prolongs  its  life.  In  a 
spring-loaded  bellows-type  element,  the  deflec- 
tion is  the  resultant  of  the  force  acting  on  the 
bellows  and  the  opposing  force  of  the  spring. 
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SCALE 


38  211KX 

Figure  7-25.-Bourdon-tube  differential 
pressure  gage. 

Although  some  bellows-type  instruments  can 
oe  designed  for  measuring  pressures  up  to  800 
psig,  their  primary  application  aboard  ship  is 
in  the  measurement  of  q^te  low  pressures  or 
small  pressure  differentials.  For  example. 
beUows  elements  are  widely  used  in  boiler 


HAIRSPRING 


PINION 
GEAR 


PRESSURE 
CONNECTION 


ir<  «  «o  «  61.3(147B)A 
Figure  7-26.-Simple  beUows  gage. 

control  systems  12  because  the  air  pressures  of 
the  control  systems  are  generally  very  low. 

Many  differential  pressure  gages  are  of  the 
beUows  type.  In  some  designs,  one  pressure  is 
applied  to  the  inside  of  the  beUows  and  the  other 
pressure  is  applied  to  the  outside.  In  other 
designs,  a  differential  pressure  reading  is  ob- 
tained  by  opposing  two  beUows  in  a  single  case. 

BeUows  elements  are  used  in  various  appli- 
cations  where  the  pressure-sensitive  device 
must  be  powerful  enough  to  operate  not  only  the 
ndicating  pointer  but  also  some  type  of  record- 
ing device. 

DIAPHRAGM  ELASTIC  ELEMENTS. -Dia- 
phragm elastic  elements  are  used  for  the 
measuretj^nt  of  relatively  low  pressures  or 
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ERIC 


142 


146 


Chapter  7«PRINCIPLES  OF  MEASUREMENT 


small  pressure  differences.  Both  metallic  and 
nonmetallic  diaphragms  are  in  common  use. 
j        Metallic  diaphragms  are  made  from  stain- 
;   less  steel,  phosphor  bronze,  brass,  or  other 
metal.  A  metallic  diaphragm  element  may  con- 
sist of  one  or  more  capsules.  Each  capsule 
consists  of  two  diaphragm  shells  (ttat  or  corru- 
gated circular  disks)  which  are  welded,  brazed, 
<    or  otherwise  firmly  fastened  together  to  form 
I   the  capsule.  The  capsules  are  all  rigidly  con- 
!    nected  so  that  the  application  of  pressure  causes 
all  capsules  to  deflect.  The  amount  of  deflec- 
tion of  a  diaphragm  gage  depends  upon  the 
number  of  capsules,  the  design  and  the  number 
of  the  corrugations,  and  other  factors. 

Nonmetallic  diaphragms,  also  called  slack 
or  limp  diaphragms,  are  made  of  leather, 
treated'cloth,  neoprene,  or  some  other  soft 
material.  Nonmetallic  diiqphragms  are  spring- 
loaded.  One  common  type  of  nonmetallic  dia- 
phragm pressure  gage  is  shown  in  figure  7-27. 
When  pressure  is  applied  to  the  underside  of 
the  slack  diaphragm,  the  diaphragm  moves  up- 
ward, although  it  is  cqpposed  by  the  action  of  the 
calibrating  spring.   As  the  spring  moves,  the 
linkage  ssrstem  causes  the  pointer  to  move  to  a 
I   higher  reading.  Thus  the  reading  on  the  scale 
is  proportional  to  the  amount  of  pressure  ex- 
'    erted  on  the  diaphragm,  even  though  the  move- 
nt  ment  of  the  diaphragm  is  opposed  by  the  cali- 
i   brating  spring. 

i    PRESSURE  GAGE  INSTALLATION 

i 

Bourdon  tube  pressure  gages  used  for  steam 
service  are  always  installed  in  such  a  way  that 
the  steam  cannot  actually  enter  the  gage.  This 
type  of  installation  is  necessary  to  protect  the 
Bourdon  type  from  very  high  temperatures.  An 
exposed  uninsulated  coil  is  provided  in.  the  line 
leading  to  the  gage,  and  the  steam  condenses 
Intc  water  in  this  esqposed  coU.  Thus  there 
is  ^i^riys  a  condensate  seal  between  the  gage 
>    and  the  steam  line. 

Pressure  gage  connections  are  normally 
made  to  the  top  of  the  pressure  line  or  to  the 
highest  point  on  the  machinery  in  which  the 
pressure  is  to  be  measured.  Pressure  gages 
are  usually  mounted  on  flat-surfaced  gage 
boards  in  such  a  way  as  to  minimizevirbration; 
I   this  is  a  matter  of  considerable  mportance, 
I   since  some  ships  experience  very  great  struc- 
I   tural  vibration  ftom  screws  and  machinery. 
I    Efforts  are  currenUr  ^Ingmadetodesigngages 
I   capable  of  withstsmcii?^  any  vibration  that  may 


-  PRESSURE 
CONNECTION 


38.212(147B) 
Figure  7-27.^Nonmetallic  diaphragm 
pressure  gage. 

be  esqpected  from  machinery.  Pressure  gages 
designed  to  withstand  shock  and  vibration  fre- 
quently use  small  size  capillary  tubing  between 
the  connections  and  the  elastic  elements  to 
protect  the  gage  mechanism  and  the  pointer; 
small  size,  tubing  is  used  between  the  test  con- 
nection or  gage  valve  and  the  gage  so  that  piping 
deflections  wUl  not  cause  errors  in  the  gage 
readings. 

MEASUREMENT  OF  FLUID  FLOW 

A  great  many  devices,  many  of  them  ^ite 
ingenious,  have  been  developed  for  the  meiasure- 
ment  of  fluid  flsw.  The  discussion  here  is  con- 
cerned primarily  with  the  types  of  fluid  flow 
measuring  devices  that  find  relatively  wide 
application  in  shipboard  engineering.  These 
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devices  may  be  classified  as  (1)  positive-dis- 
placement meters,  (2)  head  meters,  and  (3)  area 
meters. 

POSITIVE-DISPLACEMENT  METERS 

Positive-displacement  meters  are  used  for 
measuring  liquid  flow.  In  a  meter  of  this  type 
each  cycle  or  complete  revolution  of  a  measur- 
ing element  displaces  a  definite,  fixed  volume 
of  liquid.  Measuring  elements  used  in  positive- 
displacement  meters  include  disks,  pistons 
lobes,  vanes,  and  impellers.  The  mot  ion  of  these 
devices  may  be  classified  as  reciprocating 
rotating,  oscillating,  or  nutating,  depending  upon 
the  type  of  measuring  element  used  and  the 
general  design  of  the  meter  read-out  or  reeis- 
ter.  " 

A  positive-displacement  meter  of  the  nutat- 
ing-piston  type  is  shown  in  figure  7-28  The 
flow  of  oil  through  the  meter  causes  the  piston 
(also  called  a  disk)  to  move  with  a  nutating 
motion.  Understanding  the  nature  of  this  motion 
Is  the  key  to  understanding  the  operation  of  the 
meter.  A  nutating  motion  (fig.  7-29)  might  be 
described  as  a  "rocking  around"  motion;  it  is 
similar  to  the  motion  of  a  spun  coin  just  before 
the  coin  settles  flat  on  its  side.  The  piston  in 
the  meter  cannot  settle  flat  on  its  side  like  a 
spun  coin,  since  the  piston  is  nutating  (or  rock- 
ing  around)  on  a  lower  spherical  bearing  sur- 
face. 


38 

Figure  7-28.-Nutating-plston  meter  for 
measuring  liquid  flow. 


1?,        n  „„  38.66X 
Figure  7-29. -Diagram  showing  nutating  motion 
of  piston  and  rotary  motion  of  pin  in  nutating- 
piston  meter.  ^ 

The  piston  cannot  rota^e  because  it  is  held 
in  place  by  a  fixed  vane  or  guide  that  runs 
vertically  through  a  slot  in  the  piston.  However 
the  nutating  motion  of  the  piston  imparts  a 
rotary  motion  to  the  pin  that  projects  from  the 
upper  spherical  surface.  The  rotary  movement 
^  the  pin  rotates  the  gears,  and  the  movement 
of  the  gears  actuates  a  countingdevice  or  regis- 
ter at  the  top  of  the  meter. 

Although  the  action  of  the  nutating  piston 
is  smooth  and  continuous,  there  is  neverthe- 
less a  definite  cycle  Involved  in  the  measure- 
ment of  liquid  flow  through  this  meter.  The 
nutating  action  of  the  piston  seals  the  measuring 
chamber  off  into  separate  compartments,  and 
these  compartments  are  alternately  fiUed  and 
emptied.  The  meter  Is  properly  classed  as  a 
positive-displacement  meter,  since  each  com- 
partment holds  a  definite  volume  of  the  liquid 

Totalizing  meters  have  a  read-out  In  gallons 
or  pounds  of  liquid;  however,  they  may  also 
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indicate  rate  of  flow  in  gallons  per  minute  (gpm) 
or  in  other  flow  units. 

HEAD  METERS 

Head  meters  measure  fluid  flow  by  measur- 
ing the  pressure  differential  across  a  specially 
designed  restriction  in  the  flow  line.  The  re- 
striction may  be  an  orifice  plate,  a  flow  nozzle, 
a  venturi  tube,  an  elbow,  a  pitot  tube,  or  some 
similar  device.  As  the  fluid  flows  toward  the 
restriction,  the  velocity  decreases  and  the  pres- 
sure (or  ^'head'O  increases;  as  the  fluid  flows 
through  the  restriction,  the  velocity  increases 
and  the  pressure  decreases.  Figure  7-30  illus- 
trates the  pressure  changes  that  occur  as  a  fluid 
flows  through  a  line  that  contains  an  orifice 
plate  or  similar  restriction.  Note  that  there  is 
a  slight  increase  in  pressure  Just  ahead  of  the 
restriction  and  then  a  sudden  drop  in  pressure 
at  the  restriction.  The  point  of  minimum  pres- 
sure and  maximum  velocity  is  slightly  down- 
stream from  the  restriction;  this  point  is  called 
the  vena  contracta>  Beyond  the  vena  contracta, 
the  velocity  decreases  and  the  pressure  in- 
creases imtil  eventually  normal  flow  is  re- 
established. 

The  flow  nozzle,  orifice  plate,  or  other 
restriction  in  the  line  is  called  the  primary 
element  of  the  head  meter.  A  high  pressure  tap 
upstream  from  the  restriction  and  a  low  pres- 
sure tap  downstream  from  it  are  connected  to 
a  differential  bellows,  a  diaphragm,  or  some 


other  device  for  measuring  differential  pres- 
sure. 

The  pressure  drop  occurring  in  a  fluidflow- 
ing  through  a  restriction  varies  as  the  square  of 
the  fluid  velocity;  or,  to  put  it  another  way,  the 
square  root  of  the  pressure  differential  is  pro- 
portional to  the  rate  of  fluid  flow.  Because  of  the 
square-root  relationship  between  the  pressure 
differential  and  the  rate  of  fluid  flow,  a  square- 
root  extracting  device  is  usually  included  so  that 
the  scale  can  be  graduated  in  even  steps  or  in- 
crements. Without  a  device  for  extracting  the 
square  root  of  the  pressure  differential,  the 
scale  would  have  to  be  unevenly  divided,  with 
wider  divisions  at  the  top  of  the  scale  than  at 
the  bottom. 

AREA  METERS 

An  area  meter  indicates  the  rate  of  fluid 
flow  by  means  of  an  orifice  that  is  varied  in 
area  by  variations  in  the  fluid  flow.  The  vari- 
ations in  the  area  of  the  orifice  are  produced 
by  some  type  of  movable  device  which  is  posi- 
tioned by  the  pressure  of  the  flowingfluid.  Since 
the  fluid  itself  positions  the  movable  device  and 
thus  varies  the  area  of  the  orifice,  there  is  no 
significant  pressure  drop  between  the  iipstream 
side  and  the  downstream  side  of  the  variable 
orifice.  Since  there  is  an  essentially  linear 
ro^ilionship  between  the  area  of  the  orifice  and 
tui  rate  of  flow,  there  is  no  need  for  a  square- 
coot,  extracting  device  in  an  area  meter. 


DIRECTION  OF  FLOW 
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Figure  7-30.— Pressure  changes  in  fluid  flowing  through  restriction  in  line. 

.  145 


147.59 


PRINCIPLES  OF  NAVAL  ENGINEERING 


Most  area  meters  are  classified  as  (1)  ro- 
tameters, or  (2)  piston-type  meters,  depending 
upon  the  type  of  device  used  to  vary  the  area  of 
the  orifice. 

Figure  7-31  shows  a  simple  rotameter  of  a 
type  used  in  some  shipboard  distUling  plants. 
A  tapered  glass  tube  is  installed  vertically, 
with  the  smaller  end  at  the  bottom.  Water  flows 
in  at  the  bottom,  upward  through  the  tube,  and 
out  at  the  top.  A  rod,  supported  by  the  end  fit- 
tings of  the  tube,  is  centered  in  the  tube.  A 
movable  rotor  rides  fteely  on  the  rod  and  is 
positioned  by  the  fluid.  Variations  in  the  pres- 
sure of  the  fluid  lead  to  variations  In  the  posi- 
tion of  the  rotor;  and,  since  the  glass  tube  is 
tapered,  the  size  of  the  annular  orifice  between 
the  rotor  and  the  tube  is  different  at  each  posi- 
tion of  the  rotor.  An  increase  in  flow  is  thus 
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Figure  7-31. -Area  meter  (rotameter  type)  for 
measuring  fluid  flow. 


indicated  by  the  rotor  rising  on  the  rod.  The 
glass  tube  is  so  calibrated  that  the  flow  may  be 
read  direcUy,  with  the  reading  being  taken  at 
the  top  of  the  rotor. 

In  a  piston-type  area  meter,  a  piston  is 
lifted  by  fluid  pressure.  As  the  piston  is  lifted, 
it  uncovers  a  port  through  which  the  fluidflows. 
The  port  area  uncovered  by  the  lifting  of  the 
piston  is  directty  proportional  to  the  rate  of 
fluid  flow.  Therefore,  the  position  of  the  piston 
provides  a  direct  indication  of  the  rate  of  flow. 
The  means  by  which  the  position  of  the  piston  is 
transmitted  to  an  indicating  dial  varies  accord- 
ing to  the  design  of  the  particular  meter  and 
the  service  for  which  it  Is  Intended. 

MEASUREMENT  OF  LIQUID  LEVEL 

In  the  engineering  plant  aboard  ship,  it  Is 
ftequently  necessary  for  operating  personnel  to 
know  the  level  of  various  liquids  In  various 
locations.  The  level  of  the  water  In  the  ship's 
boUers  is  a  prime  example  of  a  liquid  level  that 
must  be  known  at  all  times,  but  there  are  other 
liquid  levels  that  are  also  important— the  level 
of  fuel  oil  in  service  and  stowage  tanks,  the  level 
of  water  in  deaerating  feed  tanks,  the  level  of 
lubricating  oil  in  the  oil  sumps  of  main  and 
auxiliary  machinery,  and  drains  in  various  drain 
tanks,  to  name  but  a  few. 

A  wide  variety  of  devices,  some  of  them 
Simple  and  some  complex,  are  available  for 
measuring  liquid  level.  Some  measure  liquid 
level  quite  directty  by  measuring  the  height  of  a 
column  of  liquid.  Others  measure  pressure, 
volume,  or  some  other  property  of  the  liquid 
ftom  which  we  may  then  infer  liquid  level. 

The  gage  e^ass  is  one  of  the  simplest  kinds 
of  liquid  level  measuring  devices  and  one  that  Is 
very  commonly  used.  Gage  glasses  are  used  on 
boilers,  on  deaerating  feed  tanks,  on  Inspection 
tanks,  and  on  other  shipboard  machinery.  Ba- 
sically, a  gage  glass  is  just  one  leg  of  a  U-tube, 
with  the  other  leg  being  the  tank,  drum,  or  other 
vessel  in  which  the  liquid  level  is  to  be  meas- 
ured. The  liquid  level  In  the  gage  glass  is  thus 
the  same  as  the  liquid  level  in  the  tank  or  drum, 
and  the  reading  can  be  made  by  direct  visual 
observation.  Gage  glasses  vary  In  details  of 
construction,  depending  upon  the  pressure,  tem- 
perature, and  other  service  conditions  they  must 
withstand. 

The  measurement  of  liquid  level  In  tanks 
aboard  ship  may  be  accomplished  by  simple 
devices  such  as  direct-reading  sounding  rules 
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and  gaging  tapes  or  by  some  form  of  permanently 
installedi  remote  reading  gaging  system.  (Al- 
though remote  reading  gaging  systems  are  often 
referred  to  as  ''tank  level  indicators/'  it  should 
be  noted  that  the  scale  may  be  calibrated  to 
show  level,  volume,  or  weight;  frequently  there 
are  two  scales— one  to  show  volume  and  one  to 
show  level.) 

A  static  head  gaging  system  of  a  type  com- 
monly used  for  measuring  liquid  level  in  fuel 
oil  tanks  aboard  ship  is  shown  in  figure  7-32. 
This  system  balances  a  head  of  liquid  in  the 
tank  against  a  colunm  of  liquid  in  a  manometer 
or  against  a  bellows  or  diaphragm  differential 
pressure  unit;  the  system  illustrated  uses  a 
mercury  manometer.  The  balance  chamber  is 
located  so  that  its  orifice  is  near  the  bottom 
of  the  tank;  a  line  connects  the  top  of  the  bal- 
ance chamber  to  the  mercury-filled  bulb  of  the 
indicator  gage,  and  another  line  connects  the 
space  above  the  mercury  column  to  the  top  of 
the  tank.  Since  the  height  of  the  liquid  in  the 
tank  bears  a  definite  relationship  to  the  pres- 
sure exerted  by  the  liquid,  the  scale  can  be 
calibrated  to  show  height  (or  liquid  level).  When 
the  size  of  the  tank  is^known,  the  measurement  of 
height  can  readily  be' converted  to  measurement 
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Figure  7-32.— Tank  gaging  system. 
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of  volume;  and,  when  the  volume  of  the  tank  and 
the  specific  weight  of  the  liquid  are  known,  the 
scale  can  be  calibrated  to  indicate  weight.  The 
reading  on  this  type  of  tank  gaging  system  is 
always  taken  after  compressed  air  has  been 
admitted  to  the  balance  chamber  through  the 
control  valve;  to  ensure  proper  readings,  a 
sufficient  amount  of  compressed  air  must  be 
admitted  to  force  the  liquid  down  to  the  level  of 
the  bottom  of  the  standpipe. 

MEASUREMENT  OF  ROTATIONAL 
SPEED 

The  rotational  speed  of  propeller  shafts, 
turbines,  generators,  blowers,  pumps,  and  other 
kinds  of  shipboard  machinery  is  measured  by 
means  of  tachometers.  For  most  shipboard 
machinery,  rotational  speed  is  expressed  in 
revolutions  per  minute  (rpm).  The  tachometers 
most  commonly  used  aboard  ship  are  of  the 
centrifugal  type,  the  chronometric  type,  and  the 
resonance  type.  Stroboscopic  tachometers  are 
also  used  occasionally. 

Some  types  of  machinery  are  equipped  with 
permanently  mounted  tachometers,  but  portable 
tachometers  are  used  for  checking  the  rpm  of 
many  units.  A  portable  tachometer  of  the  cen- 
trifugal type  or  of  the  chronometric  type  is 
applied  manually  to  a  depression  or  a  projec- 
tion at  the  center  of  a  moving  shaft.  Each  port- 
able tachometer  is  supplied  with  several  hard 
rubber  tips;  to  use  the  instrument,  the  operator 
selects  a  tip  of  the  proper  shape,  fits  it  over  the 
end  of  the  tachometer  drive  shaft,  and  holds  the 
tip  against  the  center  of  the  moving  shaft.  Some 
tachometers  are  also  supplied  with  a  small 
wheel  which  can  be  fitted  to  the  end  of  the  drive 
shaft  and  used  to  measure  the  linear  velocity 
(in  feet  per  second)  of  a  wheel  or  a  journal;  with 
this  type  of  instrument,  the  wheel  is  held  against 
the  outer  surface  of  the  moving  object.  Portable 
tachometers  are  used  only  for  intermittent  read- 
ing, not  for  continuous  operation. 

CENTRIFUGAL  TACHOMETERS 

As  the  name  implies,  a  centrifugal  tachom- 
eter utilizes  centrifugal  force  for  its  operation. 
The  main  parts  of  a  centriftigal  tachometer  are 
shown  in  figure  7-33  and  the  dial  of  the  instru- 
ment is  shown  In  figure  7-34.  Centrifugal  force 
acts  upon  weights  or  flyballs  which  are  connected 
by  linkage  to  an  upper  and  a  lower  collar.  The 
tqiper  collar  is  fbced  to  the  drive  shaft,  but  the 
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Figure  7-33.-Main  parts  of  centrifug^"^^^ 
tachometer. 

lower  collar  is  free  to  move  up  and  down  the 
shaft.  A  spring  which  fits  over  the  drive  shaft 
connects  the  upper  collar  and  the  lower  collar. 
As  the  drive  shaft  begins  to  rotate,  the  flyballs 
spin  around  with  it.  Centrifugal  force  tends  to 
pull  the  flyballs  away  from  the  center,  thus 

J^S"/  S5f  compressing  the 

spring.  The  lower  collar  is  connected  to  the 
pointer,  and  the  upward  movement  of  the  collar 
causes  the  pointer  to  move  to  a  higher  rpm  read- 
ing on  the  dial.  The  centrifugal  tachometer  regis- 
ters rpm  of  a  rotating  shaft  as  long  as  It  is  in 
contact  with  the  shaft.  For  this  reason  it  is  called 
a  constant- reading  tarhnmofny 

CHRONOMETRIC  TACHOMETERS 

A  chronometric  tachometer  (fig.  7- 35)  is  a 
combination  of  a  watch  and  a  revolution  counter 
which  measures  the  average  number  of  revolu- 
tions per  mln.:ia  of  a  rotating  shaft.  The  device 
is  not  a  constant-reading  instrument;  the  outer 

J^liL?  *  ""Tf.  instrument  is 

applied  to  a  rotating  shaft  until  a  starting  button 
is  depressed  to  start  the  timing  element.  After 

rnLHni''\^*  Ju*^^  disengaged  from  the 
rotating  shaft,  the  pointer  remains  In  position  on 
the  dial  until  It  is  returned  to  the  zero  position 
by  the  operation  of  a  reset  button  (which  may  be 
the  same  a»  the  starting  button.) 

RESONANCE  TACHOMETERS 

A  resonance  tachometer  (fig.  7-36)  consists 
Of  a  number  of  steel  reeds,  each  one  of  which 
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Figure  7-34._Dial  of  centrifugal  tachometer. 
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Figure  7-35. -Chronometric  tachometer. 
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Figure  7-36«»Re8onance  tachometer 
on  rotating  machine. 
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vibrates  at  a  different  frequency.  The  reeds  are 
fastened  in  a  row,  in  order  off  reqpiency;  the  row 
is  mounted  with  the  reeds  at  right  angles  to  the 
back  of  the  instrument.  The  unattached  ends  of 
the  reeds  extend  through  a  horizontal  slit  in  the 
face  of  the  instrument;  the  scale  is  stamped 
along  the  slit.  When  the  instrument  is  solidly 
attached  to  the  foundation  or  casing  of  a  rotating 
machine,  the  reeds  which  are  nearest  in  fre- 
quency to  the  rpm  of  the  machine  begin  to 
vibrate,  bi  figure  7-36,  notice  that  five  reeds 
are  out  of  line  with  the  rest  of  the  reeds;  these 
five  are  vibrating  noticeably  more  than  the 
others,  and  the  one  in  the  middle  is  vibrating 
more  than  the  other  four.  To  read  the  rpm  of 
the  machine,  then,  it  is  only  necessary  to  read 
the  scale  marking  underneath  the  reed  that  is 
vibrating  the  most— that  is,  the  one  which  is 
most  out  of  line  with  the  others  in  the  horizontal 
slit. 

Resonance  tachometers  are  particularly  use- 
ful for  measuring  high  rotational  speeds  such  as 
those  that  occur  in  turbines,  generators,  and 
forced  draft  blowers.  They  are  also  particularly 
useful  in  applications  where  it  is  difficult  or 
impossible  to  get  at  the  moving  ends  of  shafts. 


The  instruments  give  continuous  readings  and 
make  very  rapid—almost  instantaneous— adjust- 
ments to  changes  in  rotational  speed. 

STROBOSCOPIC  TACHOMETERS 

A  stroboscopic  tachometer  is  a  device  which 
allows  rotating,  reciprocating,  or  vibrating  ma- 
chinery to  be  viewed  intermittently,  under  flash- 
ing light,  in  such  a  way  that  the  movement  of 
the  machinery  appears  to  be  slowed,  stopped, 
or  reversed.  Because  the  illumination  is  inter- 
mittent, rather  than  steady,  the  eye  receives  a 
series  of  views  rather  than  one  continuous  view. 

When  the  speed  of  the  flashing  light  coin- 
cides with  the  speed  of  the  moving  machinery, 
the  machinery  appears  to  be  motionless.  This 
effect  occurs  because  the  moving  object  is  seen 
each  time  at  the  same  point  in  its  cycle  of  move- 
ment. If  the  flashing  rate  is  decreased  slightly, 
the  machinery  appears  to  be  moving  slowly  in 
the  true  direction  of  movement;  if  the  flashing 
rate  is  increased  slightly,  the  machinery  ap- 
pears to  be  moving  slowly  in  the  reverse  direc- 
tion. To  measure  the  speed  of  a  machine, 
therefore,  it  is  only  necessary  to  find  the  rate 
of  intermittent  illiunination  at  which  the  ma- 
chinery appears  to  be  motionless.  To  observe 
the  operating  machinery  in  slow  motion,  it  is 
necessary  to  adjust  the  str6boscope  until  the 
machinery  appears  to  be  moving  at  the  desired 
speed. 

The  stroboscopic  tachometer  furnished  for 
shipboard  use  is  a  small,  portable  instrument. 
It  is  calibrated  so  that  the  speed  can  be  read 
directly  from  the  control  dial.  The  flashing  rate 
is  determined  by  a  self-contained  electronic 
pulse  generator  which  can  be  adjusted,  by  means 
of  the  direct-reading  dial,  to  any  value  between 
600  and  14,400  rpm.  The  relationship  between 
rotational  speed  and  flashing  rate  nuiy  be  illus- 
trated by  an  example.  If  an  electric  fan  is  oper- 
ating at  a  rate  of  1800  ilpm,  it  will  appear  to  be 
motionless  when  it  is  viewed  throu^  a  stro- 
boscopic tachometer  which  is  flashing  at  the 
rate  of  1800  times  per  minute. 

Because  the  stroboscopic  tachometer  is 
never  used  in  direct  contact  with  moving  ma- 
chinery, it  is  particularly  useful  for  measuring 
the  speed  or  observing  the  operation  of  machin- 
ery which  is  run  by  a  relatively  small  power 
input,  n  is  also  very  useftd  for  measuring  the 
speed  of  machinery  which  is  installed  in  rela- 
tively inaccessible  places. 
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MEASUREMENT  OF  SPECIFIC  GRAVITY 

The  specific  gravity  of  a  substance  is  defined 
as  the  ratio  of  the  density  of  the  substance  to 
the  density  of  a  standard  substance.  The  stand- 
ard of  density  for  liquids  and  solids  is  pure 
water;  for  gases,  the  standard  is  air.  Each 
standard  (water  or  air)  is  considered  to  have  a 
specific  gravity  of  1.00  under  standard  condi- 
tions  of  pressure  and  temperature.  For  a 
solid  or  a  liquid  substance,  then,  we  may  say 
that 

^  ./^iM     iimiiri  density  of  substance 
Sp.  gr.  of  solid  or  liquid  density  of  water 

Density  is  sometimes  defined  as  the  mass 
per  unit  volume  of  a  substance  and  sometimes 
as  weight  per  unit  v(dume.  In  engineering, 
fortunately,  this  difference  in  defintions  rarely 
causes  corlusion  because  we  are  usually  inter- 
ested in  relative  densities— or,  in  other  words, 
in  specific  gravity.  Since  specific  gravity  is  the 
ratio  of  two  densities,  it  really  does  not  matter 
whether  we  use  mass  densities  or  weight  den- 
sities; the  units  cancel  out  and  give  us  a  pure 
number  which  is  independent  of  the  system  of 
units  used. 

Aboard  ship,  it  is  sometimes  necessary  to 
measure  the  specific  gravity  of  various  liquids. 
This  is  usually  done  by  using  a  device  called  a 
hydrometer.  A  hydrometer  measures  specific 
gravity  by  comparing  the  buo]rancy  (or  loss  of 
weight)  of  an  object  in  water  with  the  buoyancy 
of  the  same  object  in  the  liquid  being  measured. 
Since  th^buoyancy  at  an  6bject  is  directly  re- 
lated to  the  density  of  the  liquid,  then 

^  buoyant  force  of  liquid 

Sp.  gr.  Qf  liquids  ^^^^^  f^ll  ^ 


"built  in''  by  the  calibraticm  of  the  hydrom- 
eter. 

For  fuel  oil  and  other  petrcfleum  products, 
it  is  customary  to  measure  degrees  API,  rather 
than  specific  gravity,  in  accordance  withascale 
developed  by  the  American  Petroleum  Institute. 
The  relationship  between  specific  gravity  and 
API  gravity  is  given  by  the  formuUL 


^p.  gr." 


141.5 


131.5+  degrees  API 


A  hydrometer  of  the  type  normally  used 
aboard  ship  to  measure  the  degrees  API  of  fuel 
oil  is  shown  in  figure  7-37.  The  major  differ- 
ence between  this  hydrometer  and  others  used 
aboard  ship  is  that  this  one  is  calibrated  to  read 
degrees  API  rather  than  specific  gravity. 

MEASUREMENT  OF  VISCOSITY 

The  viscosity  of  a  liquid  is  a  measure  of  its 
resistance  to  flow.  A  liquid  Is  said  to  have  high 
viscosity  if  it  flows  sluggishly,  like  ccfld  mo- 
lasses. R  is  said  to  have  low  viscosity  if  it 
flows  freely,  like  water.  The  viscosity  of  most 
liquids  is  greatly  affected  by  temperature;  in 
general,,  liquids  are  less  viscous  at  higher  tem- 
peratures. 


A  hydrometer  is  merely  a  calibrated  rod 
which  is  weighted  at  one  end  so  that  it  floats  in 
a  vertical  position  in  the  liquid  being  measured. 
Hydrometers  are  calibrated  in  such  a  way  that 
the  specific  gravity  of  the  liquid  may  be  read 
directly  from  the  scale;  in  other  words,  the 
comparison  between,  the  density  of  the  liquid 
being  measured  and  the  density  of  water  is 


13 

For  most  engineering  purposes,  the  standard  pres- 
sure and  temperature  conditions  for  wateir  as  a 
standard  of  specilto  gravity  are  atmospheric  pressure 
and  60°  F. 


Figure  7-37.— Hydrometer. 
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Aboard  ship,  it  is  necessary  to  measure  the 
viscosity  of  fuel  oil  and  of  lubricating  oil.  The 
viscosity  of  an  oil  is  usually  esqpressed  as  the 
number  of  seconds  required  for  a  given  amount 
of  oil  to  flow  through  an  orifice  of  a  specified 
size  when  the  oil  is  at  a  specified  temperature. 
Devices  used  to  measure  the  rate  of  flow  (and 
hence  the  viscosity)  are  called  viscosimeters 
or  viscometers. 

The  viscosimeter  furnished  for  shipboard 
use  is  a  Saybolt  viscosimeter  with  two  orifices. 
The  larger  orifice  is  called  the  Saybolt  Furol 
orifice;  the  smaller  one  is  called  the  Saybolt 
Universal  orifice.  The  Furol  orifice  is  used  for 
measuring  the  viscosity  of  relatively  heavy 
oils;  the  Universal  orifice  isusedformeasiuring 
the  viscosity  of  relatively  light  oils. 

A  Saybolt  viscosimeter  consists  of  an  oil 
tube,  a  constant-temperature  oil  bath  which 
maintains  the  correct  tenqperature  of  the  sample 
in  the  tube,  a  60-cc  (cubic  centimeter)  graduated 
receiving  flask,  thermometers  for  measiuring 
the  temperature  of  the  oil  sample  and  of  the 
oil  bath,  and  a  timing  device.  A  Saybolt  vis- 
cosimeter is  shown  in  figure  7-38;  figure  7-39 
shows  details  of  the  viscosimeter  oil  tube. 

The  oil  to  be  tested  is  strained  and  poured 
into  the  oil  tube.  The  tube  is  surrounded  by  the 
constant-temperature  oil  bath.  When  the  oil 
sample  is  at  the  correct  temperature,  the  c6rk 
is  pulled  from  the  lower  end  of  the  tube  and  the 
sample  flows  through  the  orifice  and  into  the 
graduated  receiving  flask.  The  time  (in  seconds) 
required  for  the  oil  to  fill  the  receiving  flask 
to  the  60-cc  mark  is  noted. 

The  viscosity  of  the  oil  is  e39ressed  by 
indicating  three  things:  first,  the  number  of 
seconds  required  for  60  cubic  centimeters  of 
oil  to  flow  into  the  receiving  flask;  second,  the 
type  of  orifice  used;  and  third,  the  temperature 
of  the  oU  sample  at  the  time  the  viscosity 
determination  is  made.  For  example,  msppose 
that  a  sample  of  Navy  Special  fuel  oil  is  heated 
to  122®  F  and  that  132  seconds  are  required  for 
60  cc  of  the  sample  to  flow  throu{^  a  Saybolt 
Universal  orifice  and  into  the  receiving  flask. 
The  viscosity  of  this  oil  is  s&id  to  be  132  sec- 
onds Saybolt  Universal  at  122^  F.  This  is  usually 
eiqpressed  in  shorter  form  as  132  SSU  at  122°  F. 

Saybdt  Furol  viscosities  are  6btained  at 
122^  F.  The  same  temperature  (122^F)  is  used 
for  obtaining  Saybblt  Universal  viscosities  of 
tOBl  oil,  but  various  other  temperatures  are 
used  for  obtaining  Saybolt  Universal  viscosities 
of  oils  other  than  fliel  oil.  Thus  it  is  important 


that  the  temperatwe  be  included  in  the  state- 
ment of  viscosity. 

OTHER  TYPES  OF  MEASUREMENT 

Thus  far  in  this  chapter,  we  have  been 
largely  concerned  with  basic  principles  of 
measurement  and  with  widely  used  kinds  of 
measuring  devices.  We  have  taken  up  many  of 
the  devices  used  to  measure  the  fundamental 
variables  of  temperature,  pressure,  fluid  flow, 
liquid  level,  and  rotational  speed,  and  we  have 
considered  the  measurement  of  the  properties 
of  specific  gravity  and  viscosity.  For  the  most 
part,  we  have  dealt  with  measuring  devices  that 
might  be  considered  as  basically  mechanical  in 
nature. 

Before  concluding  this  chapter,  it  might  be 
well  to  point  out  that  many  other  kinds  of  meas- 
lurement  are  required  in  the  shipboard  engineer- 
ing plant.  While  it  is  true  that  many  of  the  prin- 
ciples of  measurement  discussed  in  this  chapter 
^yply  to  measwing  devices  other  than  those 
described  here,  it  is  also  true  that  a  specific 
^)plication  may  require  a  me aswing device  that 
is  not  precisely  the  same  as  any  device  we  have 
considered.  Where  appropriate,  other  types  of 
measiuring  devices  are  discussed  in  other  chap- 
ters of  this  text,  as  they  relate  to  some  particular 
kind  of  machinery  or  equipment.  In  some  in- 
stances, the  student  may  find  it  helpful  to  come 
back  to  the  present  chapter  to  renew  his  under- 
standing of  the  basic  principles  of  measurement 
we  have  considered  here. 

NAVT  CALIBRATION  PROGRAM 

The  calibration  of  all  measuring  devices 
begins  with  and  is  dependent  upon  the  basic' 
international  and  national  standards  of  measure- 
ment just  discussed.  Obviously,  however,  we 
can't  rush  off  to  the  National  Bureau  of  Standards 
every  time  we  need  to  measure  a  length,  a  mass, 
a  weight,  or  an  interval  of  time.  Therefore^  the 
National  Bureau  of  Standards  prepares  and  cali- 
brates a  great  many  practical  standards  that 
can  be  used  by  government  and  industry.  Gov- 
ernment and  industry,  in  turn,  prepare  and 
calibrate  their  own  practical  standards.  Thus 
there  is  a  continuous  linkage  of  measurement 
standards  that  begins  with  the  International 
standards,  comfis  down  through  the  national 
standards,  and  works  fXL  the  way  on  down  to 
the  fillers,  weights,  docks,  gages,  and  other 
devices  that  we  use  for  everyday  measurement. 
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Figure  7-38.-Saybolt  vlscosimeter. 


38.213 


As  may  be  seen  (fig.  7-40)  in  the  structure 
erf  this  program  (Navy  Calibration  Program), 
the  National  Bureau  of  Standards  is  the  highest 
level  standards  agency  in  the  United  States  and 
that  it  has  custody  of  this  Nation's  basic  physi- 
cal standards.  The  National  Bureau  of  Standards 
provides  the  common  reference  for  all  measure- 
ments and  certifies  the  Navy  Standards  that  are 


maintained  by  the  Navy  Type  I  Standards  Lab- 
oratories. 

The  Navy  Type  I  Standards  Uboratories 
maintain  the  highest  standards  within  the  Navy 
Calibration  Program.  Ttie  Type  I  Standards 
Laboratories  obtain  calibration  services  from 
the  National  Bureau  of  Standards  and  provide 
calibration    of    standards    and  associated 


152 

156 


Chapter  7-PRINCIPLES  OF  MEASUREMENT 


38.214 

Figure  7-39.-*Detail8  of  viscosimetertube. 

measuring  equipment  received  from  Type  n 
Standards  Laboratories.  There  are  only  two 
Type  I  Standards  Laboratories:  the  Eastern  SL^ 
in  Washington  DX.,  and  the  Western  SL,  in  San 
DiegOi  California. 

Navy  Standards  Laboratories  designated  alB 
Type  n  furnish  the  second  highest  level  of  cali- 
bration services  to  assigned  geographical  areas 
within  the  Naval  Establishment.  The  Type  n 
Standards  Laboratories  obtain  standards  cali- 
bration services  from  the  cognizant  Type  I 
Standard  Laboratory  and  calibrate  standards 
and  associated  measuring  equipment  received 
from  lower  level  laboratories.  There  are  half 
a  dossen  Type  II  Navy  Standards  Laboratories, 
located  in  various  shore  activities  throughout 
the  United  States. 

Navy  Calibration  Laboratories  ftimish  the 
third  highest  level  of  calibration  services  in  the 
Navy  Calibration  Program.  The  Navy  Calitara* 
tion  Laboratories  6btain  calibration  services 
from  the  Type  II  Standards  Laboratories  and 
they  calibrate  test  equipment  received  from 
ships  and  from  shore  activities.  There  are  two 


; 

basic  types  of  Navy  Calibration  Laboratories. 
Fleet  Calibration  Laboratories,  which  are  lo- 
cated on  repair  ships  and  tenders  (MIRCS)  re- 
ceive and  calibrate  fleet  equipment  only.  Shore 
Calibration  Laboratories,  which  are  located  in 
various  shore  activities  of  the  Navy,  receive  and 
calibrate  shore  equipment  and  also  handle  the 
overflow  from  Fleet  Calibration  Laboratories. 

As  indicated  in  figure  7-40  equipment  to  be 
calibrated  may  go  directly  to  a  Navy  Calibration 
Laboratory  or  it  may  go  to  a  shop  or  repair 
facility  for  ''qualification."  Qualification  is  not 
the  same  as  calibration,  and  the  two  terms 
should  be  clearly  distinguished. 

Calibration  is  the  process  by  which  Calibra- 
tion Laboratories  and  Standards  Laboratories 
compare  a  standard  or  a  measuring  instrument 
with  a  standard  of  higher  accuracy  in  order  to 
ensure  that  the  item  being  compared  is  accurate 
within  specified  limits  throughout  its  entire 
range.  The  calibration  process  involves  the  use 
of  approved  instrument  calibration  procedures; 
it  may  also  include  any  adjustments  or  incidental 
repairs  necessary  to  bring  the  standard  or  in- 
strument being  calibrated  within  specified 
limits.  Calibration  of  standards  is  considered 
mandatory. 

Qualification  is  the  process  by  which  an 
activity  other  than  officially  designated  Stand- 
ards Laboratories  or  Calibration  Laboratories 
compares  a  test  or  measuring  instrument  with 
one  of  hi^er  accuracy  in  order  to  determine 
the  need  for  calibration.  Qualificaticm  may  be 
performed  by  ships  or  stations  that  have  been 
furnished  with  approved  measurement  standards 
and  procedures.  However,  the  instruments  used 
to  qualify  the  test  or  measuring  equipment 
should  be  calibrated  periodically  by  a  Navy 
Standards  Laboratory  or  a  Navy  Calibration 
Laboratory  in  order  for  the  qualification  to  be 
valid. 

Several  additional  terms  used  in  connection 
with  the  Navy  Calibration  Program  are  defined 
in  the  following  paragraphs.  It  is  important  to 
understand  the  precise  meaning  of  these  terms 
and  to  use  them  correctly. 

Calibration  Procedure  Is  the  term  used  for 
a  dociunent  that  outlines  the  steps  and  opera- 
tions to  be  followed  by  standards  and  calibration 
laboratory  personnel  in  the  performance  of 
instrument  calibration. 

Calibr^ion  cycle  Is  the  length  of  time  be- 
tween caiioraiion  services  during  which  each 
test  equipment  is  esqpected  to  maintain  reliable 
measurement    capability.      The  Metrology 
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NATIONAL  BUREAU  OF  STANDARDS 


NAVY  STANDARDS  LA 

EASTERN  SL.WASH 
WESTERN  SL,  SAN 

BORATORIES— TYPE  I 

INGTON.D.C. 
DIEGO.  CALIF. 

:  —  ' 

NAVY  STANDARDS  LABORATORIES— TYPE  It 
(SHORE  BASED) 

f 


NAVY  SHORE  CALIBRATION 
LABORATORIES 

 7  


FCL  OVERFLOW-^ 


SHOP  OR  REPAIR  FACILITY 
(FOR  QUALIFICATION) 
i 


SHORE  EQUIPMENT  TO  BE 
CALIBRATED  (INCLUDING 
SHIPS  IN  YARDS) 


FLEET  CALIBRATION  LABORATORIES 
»  (FCL)~REPAIR  SHIPS  a  TENDERS 

 T — ^  ■ 


SHOP  OR  REPAIR  FACILITY 
(FOR  QUALIRSATION) 


I 


FLEET  EQUIPMENT  TO 
BE  CALIBRATED 


Figure  7.40.-Navy  Calibration  Program  Structure. 
Rejpilreinents  List  (NAVAIR  17.36MTL-1NAV. 
OTIPS)  18  available  and  used  toftadthefouSSn; 
Information  relating  to  a  particular  Instoumen? 

ill  ^"c«ble  Procedure  Numbers 
(3)  Related  Technical  Numbers 

(Note:  The  Metrology  Requirements  List  Is 
where  you  can  find  calibration  cycles.) 


170.49 


Cross-checks  involve  the  comparison  of  two 
^more  insteuments  of  equal  or  SStSiS 

T*Jm^  Of  determinSTttthe 
IJ2f«-  «"^J?  Instniments  have  shiftsd 
slgnlficanUy.  The  cross-chsck  Is^Used  m  an 

J? ^.S.  ^ISr*®       a  rtandard  or  instrument 
Wgh  accuracy  can  JTSS  to 
calibrate  or  qualify  an  instrument. 


facidenbdrega^  ia  the  term  used  to  describe 
toosTr^irsTSina  necessary  during  the  calU 
2S.  operable  equipment  to  bring  it 

l2S5-i".?^"^r*  t°l«ances.  Incidental  re^ir 
Includes  the  replacement  of  parts  which  have 
ctanged  value  sufflclentty  to  pyTntSlitaui; 

t^?«  ?  ""^"^  ^  equipment  inopera- 

!i  ^  toormaUy  perfumed 

to  the  laboratories  in  conjunction  ith  the  cSl- 
bratlon  of  test  equipment  or  standards. 
id«ffi^T&?5SdMg  IS  the  term  used  to 
WertjgTTOitwy::^  device  that  is  used  to 
maintain  the  continuity  of  values  in  units  ctf 
"?«j|«»en»ent  by  periodic  cOmpaSsr  wi2 
rtandards  of  Navy  1^^  or^standiSs 

AUbwatonr  standard  is  used  to  calibrate  a 
standard  of  lesser  accuracy. 
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An  acceptance  for  limited  use  indicates  that 
an  instrument  which  has  failed  certain  tests  or 
which  has  not  been  tested  against  all  acceptance 
criteria  is  nevertheless  suitable  for  certain 
specified  (limited)  usage.  In  such  a  situation, 
a  limited  use  label  (rather  than  a  CALIBRATED 
or  QUALIFIED  label)  is  placed  on  the  instru- 
ment to  draw  attention  to  the  conditional  ac- 
ceptance. In  addition  to  the  label,  a  limited  use 
tag  is  attached  to  the  instrument.  This  tag  is 
filled  in  by  the  servicing  activity;  it  includes 
a  full  description  of  the  reservations  or  pre- 
cautions which  should  be  observed  in  using  the 
instrument.  The  label  and  the  tag  indicating  that 
the  instrument  is  suitable  only  for  limited  use 
must  remain  on  the  instrument  until  the  next 
calibration  or  qualification. 

The  term  rejected  is  used  when  an  instrument 
fails  to  meet  the  acceptance  criteria  during 
calibration  or  qualification  and  when  it  cannot 
be  made  to  meet  these  criteria  by  incidental 
repair.  Under  these  conditions,  a  REJECTED 
label  is  placed  on  tlie  instrument  and  all  other 
servicing  labels  are  removed.  In  addition  to  the 
label,  a  REJECTED  tag  is  attached  to  the  in- 
strument. The  tag,  which  is  filled  in  by  the 
servicing  activity,  gives  the  reason  for  rejec- 
tion and  such  other  information  as  may  be  re- 
quired. 

Repair  is  defined  as  the  repair  and/or 
replacement  of  malfunctioning  parts  of  a  meas- 
uring instrument  or  standard  to  the  degree 
required  to  restore  the  instrument  or  standard 
to  an  operating  condition. 

Traceability  is  when  the  accuracy  of  a  meas- 
urement made  by  the  fleet  can  be  directly  trace- 
able through  the  echelons  of  calibration  to 
Reference  Standards  maintained  lyy  the  National 
Bureau  of  Standards  (unbroken  chain  of  properly 
conducted  calibrations.) 

INSTRUMENT  ACCURACY 

As  we  have  seen,  all  measurement  is  subject 
to  a  certain  amount  of  error.  The  international 
and  national  standards  have  some  error,  even 
though  it  is  almost  unbelievably  small.  The 
error  in  secondary  standards,  while  still  ex- 
tremely small,  is  somewhat  greater  than  the 
error  in  the  primary  standards.  When  we  get 
down  to  the  actual  measuring  devices  used  even 
for  precision  measurement,  the  error  is  larger 
stUl.  i 

Although  it  may  sound  backwards,  the  accu- 
racy of  an  instrument  is  esqpressed  by  giving  the 
amount  of  error  of  the  instrument.  For  example. 


an  instrument  with  an  accuracy  of  1  percent  is 
said  to  have  an  error  of±l  percent. 

The  error  of  an  instrument  is  the  difference 
between  the  reading  shown  on  the  instrument  and 
the  true  value  of  the  variable  being  measured. 
Error  may  be  expressed  in  scale  units,  in  per- 
cent of  scale  span,  in  jirercent  of  range,  or  in 
percent  of  indicated  vaL:ue  (iv).  By  agreement 
among  instrument  manufacturers,  error  in  in- 
struments with  uniform  scales  is  most  com- 
monly expressed  as  a  percentage  of  the  full 
scale  length,  regardless  of  where  the  measure- 
ment is  made  on  the  scale.  The  exception  to 
this  general  rule  is  that  the  measurement  is  not 
made  at  the  extreme  top  or  the  extreme  bottom 
of  the  scale,  since  an  instrument  is  almost  sure 
to  be  less  accurate  in  these  areas  than  in  the 
working  range  of  the  scale. 

Using  the  full  scale  length  as  a  basis  for 
determining  instrument  error  can  lead  to  some 
confusion.  For  example,  consider  several jn^es- 
sure  gages,  each  one  of  whidh  has  a  guaranteed 
accuracy  of  1  percent.  If  the  scale  reads  0  to  30 
psi,  the  allowable  error  is±  0«3psi.  If  the  scale 
reads  0  to  100  psi,  the  allowable  error  is±l  psi. 
If  the  scale  reads  0  to  500  psi,  the  allowable 
error  is  ±  5  psi.  If  the  scale  reads  0  to  1000, 
the  allowable  error  is ±10  psi. 

As  far  as  accuracy  ratios  are  concerned, 
there  are  recommended  low  and  high  accuracy 
ratios  that  should  exist  between  the  test  and 
measuring  equipment,  and  the  measuring  system 
or  Standard,  also  between  echelons  of  Standards. 

The  lower  limit  ratio  should  be  at  least  4  to 
1;  a  ratio  below  this  limit  is  impracticable  for 
technical  reasons.  The  upper  limit  ratio  should 
not  be  more  than  10  to  1;  if  the  ratio  is  higher, 
equipment  costs  will  become  excessive. 

Calibration  error  is  taken  care  of  by  line- 
arity and  range  errors.  Linearity  error  is  when 
the  lowest  and  the  highest  indications  are  cor- 
rect, and  there  is  an  error  in  between  these 
indications.  Range  error  occurs  when  the  lowest 
indication  is  on  and  the  highest  indication  is  off, 
above  or  below  the  true  value. 

If  an  instrument  does  not  give  the  same  read- 
ing when  it  comes  from  the  top  of  the  scale  down 
to  the  point  of  measurement  as  it  does  when  it 
goes  from  the  bottom  of  the  scale  up  to  the  point 
of  measurement,  the  error  is  called  hysteresis. 
Hysteresis  occurs  from  a  variety  of  factors  that 
cause  loss  of  energy  within  the  instrument;  it 
mig^t  occur  because  of  friction  or  binding  of 
parts,  fatigue  of  a  spring,  excessive  play  in 
gears,  or  other  mechanical  difficulties* 
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Because  there  wUl  always  be  some  error  of 
measurement,  and  because  the  error  may  actu- 
ally be  considerably  greater  than  that  indicated 
by  the  percentage  of  guaranteed  accuracy,  the 
calibration  of  any  measuring  device  requires 
the  highest  possible  precision. 

Instrument  sensitivity  is  sometimes  confused 
with  instrument  accuracy.  This  is  a  big  mistake. 
Inu^^lS'Vv  °'  ^  instrument  refers  to  the 
ability  of  the  instrument  to  respond  to  changes 
in  the  value  of  the  measured  variable.  If  an 
Instrument  can  respond  to  very  small  changes 


in  the  measured  variable,  it  is  a  very  sensitive 
instrument;  if  larger  changes  in  the  measured 
^^rlable  are  required  to  produce  effective  motion 
of  the  measuring  element,  the  instrument  is  less 
sensitive. 

Sensitivity  is  quite  directly  related  to  fric- 
tion wltWn  an  Instrument.  An  Instrument  that 
has  relatively  small  energy  losses  because  of 
friction  will,  all  other  things  being  equal,  be 
more  sensitive  than  an  instrument  with  rela- 
tively large  friction  losses. 


1 
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CHAPTER  8 


INTRODUCTION  TO  THERMODYNAMICS 


The  Shipboard  engineering  plant  may  be 
thought  of  as  a  series  of  devices  and  arrange- 
ments for  the  exchange  and  transformation  of 
energy.  The  energy  transformation  of  greatest 
Importance  In  the  shipboard  pliant  Is  the  produc- 
tion of  mechanical  work  from  thermal  energy, 
since  we  dependlargelyupon  this  transformation 
to  make  the  ship  move  through  the  water.  On 
steam-driven  ships,  steam  serves  the  vital  piir- 
pose  of  carrying  energy  to  the  engines*  The 
source  ct  this  energy  may  be  the  combustion  of 
a  conventional  fuel  oU  or  the  fission  of  a  radio- 
active material.  In  either  case,  the  steam  that  Is 
generated  Is  the  medium  by  which  thermal  energy 
Is  carried  to  the  ship's  engines,  where  It  Is 
converted  Into  mechanical  energy  which  propels 
the  ship.  In  addition,  energy  transformations 
related  directly  or  Indirectly  to  the  basic  pro- 
pulsion plant  energy  conversion  provide  power 
for  many  vital  services  such  as  steering,  light- 
ing, ventUation,  heating,  refrigeration  and  air 
conditioning,  the  operation  of  various  electrical 
and  electronic  devices,  and  the  loading,  aiming, 
and  f Irliv  of  the  ship's  weapons. 

In  order  to  acquire  a  basic  understanding  of 
the  design  of  shipboard  engineering  plants.  It  Is 
necessary  to  have  some  understanding  of  certain 
concepts  In  the  fldd  of  thermodynamics.  In  the 
broadest  sense  of  the  term,  thermodynamics  Is 
the  physical  science  that  deals  with  energy  and 
energy  transformations.  The  brant'.h  of  thermo- 
dynamics which  Is  of  primary  Interest  to  engi- 
neers Is  usually  referred  to  as  applied  thermo- 
dynamics or  engineering  theitnodynamlcs;  ~ff 
deals  with  fundamental  design  and  operational 
considerations  of  boilers,  turbines.  Internal 
combustion  engines,  air  compressors,  refrig- 
eration and  air  conditioning  equipment,  and  other 
machinery  in  which  energy  Is  exchanged  or 
transferred  in  order  to  produce  some  desired 
effect. 

This  chapter  deals  with  certain  thermody- 
namic conceits  that  are  particularly  necessary 
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as  a  basis  for  understanding  the  shipboard 
engineering  plant.  The  Information  given  here 
Is  Introductory  In  nature;  obviously.  It  is  not  In 
any  sense  a  complete  or  thorough  exploration 
of  the  subject.  Insofar  as  possible,  we  will 
depend  upon  verbal  description  rather  than 
mathematical  analysis  to  develop  our  under- 
standing of  the  laws  and  principles  of  energy  ^ 
exchanges  and  transformations.^ 

It  should  perhaps  be  noted  that  many  of  the 
terms  used  In  this  chapter— Including  such  basic 
terms  as  energy  and  heat«-have  more  specialized 
and  more  precise  meanings  In  the  study  of  ther- 
modynamics than  they  do  In  everyday  life  or 
even  In  the  study  of  general  physics.  This  Is 
only  to  be  esqpected;  thermodynamics  Is  a  highly 
specialized  branch  of  physics  and,  like  any  other 
specialty,  it  requires  a  certain  refinement  of 
terminology.  If  any  difficulty  arises  from  the 
fkct  that  famUlar  terms  are  used  In  asomewhat 
unfamUlar  sense,  the  difficulty  can  be  largely 
minimized  by  paying  particular  attention  to  the 
exact  meaning  of  each  term,  as  defined  here, 
rather  than  depending  upon  a  general  knowledge 
for  an  understanding  of  the  terms. 

ENERQY 

Although  energy  has  a  general  meaning  to 
almost  everyone,  it  Is  not  easy  to  define  the 
word  In  a  completely  satisfactory  way.  . Energy 
is  Intangible  and  Is  largely  known  through  Its 
effects.  Because  energy  Is  so  often  manifested 
by  the  production  of  work,  energy  Is  commonly 
defined  as  ''the  capacity  for  doing  work.''  How- 
ever, this  Is  not  entirely  adequate  as  a  defini- 
tion, since  work  Is  not  the  only  effect  that  Is 


The  student  who  has  the  mathematical  backcpround 
required  for  further  study  of  thermodynamics  will  find 
jt  profitable  to  consult  thermodynamics  texts  to  am- 
plify the  information  given  in  this  chapter. 
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produced^  energy.  For  example,  he«i  car  flow 
from  one  body  to  another  without  do:  any  work 
at  all,  but  the  heat  must  still  be  cr.  slider ed  as 
energy  and  the  process  of  heat  tra,i«f  ?i  must  be 

Iffllf  T?  ^1°^^^^  ^  -aoducedan 
sSS;  i  definition,  then,  an.i  one  whicu 

satisfi^'2  more  ot  the  conditions  under  which  we 
knov:  ei..rKr  to  eKist,  is  "the  capacity  for  pro! 
ducir-i  an  effect."  ' 

Energy  exists  in  mtay  forme.  F;or  conveni- 
ence,  we  usually  classify  energj,-  r.ccording  to 
the  size  and  nature  of  the  bodies  or  particles 
With  which  the  eijergy  )s  associated.  T^iS  wl 
say  thr.i  iMChanicai.  oaci-fflr  is  the  eiie.'  sy  asso- 
ciated  with  large  bc^Ct  ^  or  object.  iuaUy 
things  that  are  big  enough  to  see.  rhermiri 
en|^  is  energy  associated  with  moliSSi^iC 

fort?i^of  K^S^K  ^  T^"^  '^''ses  from  the 
r^L,  ^*       ^''^  in  a  molecule. 

Chemical  energy  is  demonstrated  whenever 

TT^'^Jl^!  reactiontdces 

rays,  and 


place.  Electrical  eH^rgy.  light.  X-^.y". 
^^■SL*^^  ««^"p"esofSnergy  ass'o^iatftd 
F?^  i^7K  '"^J  smaller  thanatoms. 

«i«o  ,m  i  ®  *yPes  of  ene^^^5  muatbeftirther 
tl^ansiSo?         f"^^  (2)  energy  In 

I^a^l  ?u\^°'!:^  "'"Sy  can  be  thought  of  as 
energy  that  Is  actually 'ccataJi;9dli>."  or  "st-i  ed 
nf  sfn^S^**"*"®  or  system.  There  ai-e  twoklnds 
of  stored  energy:  (1)  potential  energy,  and  (2) 
Wnetic  energy.  When  energy  is  storedin  a  svs- 
m^I-o   K^"!f  relative  positions  Of  two  or 

?„pr«,  ^  °'  P""c»es,  we  call  it  potential 
energjr.  When  energy  is  storad  in  a  sygtim  be- 
<ause  of  the  relative  jslofiities  Of  twb  or  mo?e 

f?h™',rj"'^**^i««'  ^^^^kinetic^S 
.„  ^  emphasized  that  all  stored  eneJS 

is  either  potential  energy  or  klnTtic  ener^ 
Energy  in  transitim  is,  as  the  name  implies 

trZ^r.  ?thel?5bessofbeingtranXred 
S^on-uJ^^2?  sytemtoanother.AU energy 
in  transition  begins  and  ends  as  stor^enerw-. 
In  order  to  understand  any  form  of  enerw 
"^1*°  relative  Size  ofTe 

bodies  or  particles  in  the  energy  aystem  andwe 
S.?^.  H  ^°r"'^ther  the  energy  ifSred^rto 
iJSf  «  two  modes  of 

classification,  let  us  now  examine  mechanicS 
energy  and  thermal  energy-the  two  f oms  S 

ticaUy  all  aspects  of  shipboard  eng.U,eering. 
MECHANICAL  ENERGY 

of  .o?!rP,"f°°***®**  a  system  composed 
of  relatively  large  bodies  is  called  mechijical 


energy.  The  two  forms  of  stored  mechanical 
energ/  are  (1)  mechanical  potential  energy, 
and  ^  mechanical  kinetic  energy.2  MechaniS 
energy  in  transition  is  manifested  by  work 
Mechanical  potential  energy  is  stored  in  a 

the  boaies  that  make  up  the  system.  The  me- 
f  «  potential  energy  associated  with  the 
gravitational  attraction  between  the  ea:'h  and 
another  body  provides  us  with  many  e';eryday 
examples.  A  rock  resting  on  the  edge  of  a  cliff 

?.ok"?k*  "        fa"  freely  if 

pushed  has  mechanical  potential  energy.  Water 
at  the  tpp  of  a  dam  has  mechanical  poteu'iiaT 
T^'^u  u  ^         ^  '"  W  at  the  top  of  all 

icy  hUl  has  mechanical  ^  .t.nitial  energy.  Note 
ttef.  in  each  of  these  examples  the  energy  resides 
nef/iiftr  in  the  earth  alone  nor  Uithe  other  object 

Sfo^.^^  .f'*''"         ^"'''■8^  astern  of  Which 
the  earth  it  merely  one  component 

Mechanical  kinetic  energy  is  stored  iv  s 
system  by  viri  jc  of  the  relative  velocities  of 
file  component  i?arts  of  the  system.  Push  that 
rock  over  the  edff'>  of  the  cliff,  open  the  gate  of 
^e  dam,  or  lei  f  t,  of  the  sled-and  something 
Wu  move.  The  rock  will  fall,  the  water  wUl 
Sow,  the  sled  Slide  down  the  hUl.  In  elch 
case  the  mechanical  potential  energy  wUl  be 
changed  to  mechanical  kinetic  energy.  Since  it 
2,.?h  11"^^  to  ascribe  zero  velocity  to  an  object 
vjiich  is  at  rest  with  respect  to  the  earth,  it  is 
S  oo'ary  to  think  of  kinetic  ener^  as 

S  mSinn  Ptf  *»*°«d  to  the  object  which  is 
ipZL  J  T k'*^'**  It  should  be 

^^"^^  Wnetic  energy,  like 
potential  energy,  is  properly  assigned  to  the 
l^ga  rattitr  than  to  any  one  component  of  the 

In  these  examples  of  mechanical  potential 
energy  and  mechanical  kinetic  energy,  we  have 
Sf5o!r  external  source  of  energy  to  g.5t  U-fngs 
started.  Energy  from  some  outside  source  is  i 
required  to  push  the  rock,  open  th?  gal^  i  «  I  ' 
dam,  or  let  go  of  the  sled.  All  reftl  machines 
wd  processes  require  this  kind  of  a  fcooct  ftom 

Sl1t"^*IP  °f     system;  simi-  ' 

larly,  the  energy  from  any  one  system  is  bound 


2 

oonunon  usage,  to  meohanioal  potent'ii  w..br.cy 
ESehfintoal  kinetic  ener«r.  uid»gror.me  ithl°  f^Zf 
energy  (thermal,  chemlo^.  etc.,  lit  sSotfSd. 
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to  affect  other  energy  systems,  since  no  one 
system  can  be  completely  isolated  as  far  as 
energy  is  concerned.  However,  it  is  easier  to 
imderstand  the  basic  energy  concepts  if  we  dis- 
regard all  the  other  energy  systems  that  might 
be  involved  in  or  affected  by  each  energy  process. 
Hence  we  will  generally  consider  one  system  at 
a  time,  disregarding  energy  boosts  that  may  be 
received  from  an  outside  source  and  disregard- 
ing the  energy  transfers  that  may  take  place 
between  the  system  we  are  considering  and  any 
other  system. 

It  should  be  emphasized  that  mechanical 
potential  energy  and  mechanical  kinetic  energy 
are  both  stored  forms  of  energy.  Some  confusion 
arises  because  mechanical  kinetic  energy  is 
often  referred  to  as  the  ''energy  of  motion/' 
thus  leading  to  the  false  conclusion  that ''energy 
An  transition'^  is  somehow  involved.  This  is  not 
the  case,  however.  Work— mechanical  work—is 
the  only  form  of  mechanical  energy  which  can 
properly  be  considered  as  energy  in  transition. 

Mechanical  potential  energy  and  mechanical 
kinetic  energy  are  mutually  convertible.  To  take 
the  example  of  the  rock  resting  on  the  edge  of 
the  cliff,  let  us  sttppose  that  some  external  force 
pushes  the  rock  over  the  edge  so  that  it  falls. 
As  the  rock  falls,  the  system  loses  potential 
energy  but  gains  kinetic  energy.  By  the  time  the 
rock  reaches  the  ground  at  the  base  of  the  cliff, 
HI  the  potential  energy  of  the  system  has  been 
converted  into  kinetic  energy.  The  sum  of  the 
potential  energy  and  the  kinetic  energy  is  iden- 
tical at  each  point  along  the  line  of  fall,  but  the 
proportions  of  potential  energy  and  kinetic 
energy  are  constantly  changing  as  the  rockfalls. 

To  take  another  example,  consider  a  baseball 
that  is  thrown  straight  up  into  the  air.  The  ball 
has  kinetic  energy  while  it  is  in  upward  motion, 
but  the  amount  of  kinetic  energy  is  decreasing 
and  the  amount  of  potential  energy  is  increasing 
as  the  ball  travels  upwards  When  the  ball  has 
Just  reached  its  uppermost  position,  before  it 
starts  to  fall  back  toward  the  earth,  it  has  only 
potential  energy.  Then,  as  the  ball  ftOls  back 
toward  the  earth,  the  potential  energy  is  con- 
verted into  kinetic  energy  again. 

The  magnitude  of  the  mechanical  potential 
energy  stored  in  a  system  by  virtue  of  the  rela- 
tive positions  of  the  bodies  that  make  up  the 
system  is  proportional  to  (1)  the  force  of  at- 
traction between  the  bodies,  and  (2)  the  distanfee 
between  the  bodies.  In  the  case  of  the  rock  which 
Is  ready  to  fall  ftdm  the  edge  of  the  dUt,  we  are 
cmcemed  with  (1)  the  force  of  attraction 


between  the  earth  and  the  rock-that  is,  the  force 
of  gravity  acting  upon  the  rock,  or  the  weight  of 
the  rock,  and  (2)  the  linear  separation  between 
the  two  objects.  If  we  measure  the  weight  in 
pounds  and  the  distance  in  feet,  the  amount  of 
mechanical  potential  energy  stored  in  the  system 
by  virtue  of  the  elevation  of  the  rock  is  meas- 
ured in  the  imit  called  the  foot-pound.  Specifi- 
cally, 


E  =WxD 
P 


where 


E   m  mechanical  potential  energy,  in  foot- 
^  pounds 

W  =  weight  of  body,  in  pounds 

D  =  distance  between  earth  and  body,  in  feet 

The  magnitude  of  mechanical  kinetic  energy 
is  proportional  to  the  mass  and  to  the  square  of 
the  velocity  of  an  object  which  has  velocity  with 
respect  to  another  object,  or 

where 

E.  B  mechanical  kinetic  energy,  in  foot- 
pounds 

M  s  mass  of  body,  in  pounds 

V  =  velocity  of  body  relative  to  the  earth, 
in  feet  per  second 

Where  it  is  more  convenient  to  use  the  weight 
of  the  body,  rather  than  the  mass,  the  equation 
becomes 


WV^ 
2g 


where  Si  is  the  weight  of  the  body,  in  pounds, 
and  e  is  tlie  acceleration  due  to  gravi^,  gen- 
erally taken  as  32,2  feet  per  second  per  second. 

Work,  as  we  have  seen,  is  mechanical  energy 
in  transition— that  is,  it  Is  a  transitory  form  of 
mechanical  energy  which  occurs  only  between 
two  or  more  other  forms  of  energy.  Work  is 
done  when  a  tangible  body  or  substance  is  moved 
through  a  tangible  distance  by  the  action  of  a 
tangible  force.  Thus  we  may  define  work  as  the 
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energy  which  is  transferred  by  the  action  of  a 
force  through  a  distance,  or 


where 


^wk "  F  X  D 


^wk  ~  pounds 

F     =  force,  in  pounds 

D     s  distance  (or  displacement),  in  feet 

In  the  case  of  work  done  against  gravity,  the 
force  is  numerically  the  same  as  the  weight  of 
the  object  or  body  that  is  being  displaced. 

It  is  important  to  note  that  no  work  is  done 
unless  something  is  displaced  from  its  previous 
position.  When  we  lift  a  S-pound  weight  from 
the  floor  to  a  table  that  is  3  feet  high,  we  have 
done  15  foot-pounds  of  work.  If  we  merely  stand 
and  hold  the  S-pound  weight,  we  do  not  perform 
any  work  in  the  technical  sense  of  the  term,  even 
though  we  may  feel  like  we  are  working,  bi  this 
case,  actually,  all  we  are  doingisexertingforce 
in  order  to  8tq;>port  the  weight  against  the  action 
of  the  force  of  gravity*  The  forces  are  balanced; 
there  is  no  motion  ordisplacement  of  the  weight, 
so  no  work  is  done. 

If  the  force  and  the  displacement  are  neither 
acting  in  the  same  direction  nor  acting  in  total 
opposition,  work  is  done  only  by  that  component 
of  the  force  which  is  acting  in  the  direction  of 
the  displacement  of  the  body  or  object.  A  man 
pushing  a  lawnmower,  for  example,  is  exerting 
some  force  that  acts  in  the  direction  in  which 
the  lawnmower  is  moving;  but  he  is  also  exert- 
ing some  force  which  acts  downward,  at  right 
angles  to  the  direction  of  displacement,  bi  this 
case,  only  the  forward  component  of  the  exerted 
force  results  in  work--that  is,  in  the  forward 
motion  of  the  lawnmower. 

Suppose  that  we  move  an  object  in  such  a  way 
that  it  returns  to  its  original  position.  Have  we 
done  work  or  haven't  we?  Let  us  consider  again 
the  example  of  lifting  a  S-pound  weight  to  the 
top  of  a  3-foot  table.  By  this  act  ion  we  have  per- 
formed IS  foot-pounds  of  work.  Now  suppose 
that  we  let  the  weight  fall  back  to  the  floor,  so 
that  it  ends  iqp  in  the  same  position  it  had  origi- 
nally. Displacement  is  zero,  so  work  must  be 
zero.  But  what  has  happened  to  the  IS  foot-pounds 
of  work  we  put  into  the  system  when  we  liflted 
the  weight  to  the  top  of  the  table?  By  doing  this 
work,  we  gave  the  S]n9tem  IS  foot-pounds  of 
mechanical  potential  energy.  When  the  wei^it 


fell  back  to  the  floor,  the  mechanical  potential 
energy  was  converted  into  mechanical  kinetic 
energy.  In  one  sense,  therefore,  we  say  that 
our  work  was  ^^undone''  and  that  no  net  work 
has  been  done. 

On  the  other  hand,  we  may  choose  to  regard 
the  two  actions  separately.  Jn  such  a  case,  we 
say  that  we  have  done  IS  foot-pounds  of  work  by 
lifting  the  weight  and  that  the  force  of  gravity 
acting  upon  the  weight  has  done  IS  foot-pounds 
of  work  to  return  the  weight  to  its  original  posi- 
tion on  the  floor.  However,  we  must  regard  one 
work  as  positive  and  the  other  ais  negative.  The 
two  cancel  each  other  out,  so  there  is  again  no 
net  work.  But  in  this  case  we  have  recognized 
that  IS  foot-pounds  of  work  were  performed 
twice,  in  two  separate  operations,  by  two  dif- 
ferent agencies. 

This  example  has  been  elaborated  at  some 
length  because  we  may  draw  several  important 
inferences  from  it.  First,  it  may  help  to  clarify 
the  concept  of  work  as  a  form  of  energy  that 
must  be  accounted  for.  Also,  it  may  help  to 
convey  the  real  meaning  of  the  statement  that 
work  is  mechanical  energy  in  transition.  Work 
is  energy  in  transition  because  it  occurs  only 
temporarily,  between  other  forms  of  energy,  and 
because  it  must  always  begin  and  end  as  stored 
energy.  And  finally,  the  example  suggests  the 
need  for  arbitrary  reference  planes  in  connec- 
tion with  the  measurement  of  potential  energy, 
kinetic  energy,  and  work.  The  quantitative 
consideration  of  any  form  of  energy  requires  a 
frame  of  reference  which  defines  the  starting 
point  and  the  stopping  point  of  any  particular 
operation;  the  reference  planes  are  practically 
always  relative  rather  than  absolute. 

Note  that  mechanical  potential  energy,  me- 
chanical kinetic  energy,  and  work  are  all 
measured  in  the  same  unit,  the  foot-pound.  One 
foot-pound  of  work  is  done  when  a  force  of  1 
pound  acts  through  a  distance  of  1  foot.  One 
foot-pound  of  mechanical  kinetic  energy  or  1 
foot-pound  of'  mechanical  potential  energy  is 
the  amount  of  energy  that  would  be  required  to 
acconaplish  1  foot-pound  of  work. 

The  amount  of  work  done  has  nothing  to  do 
with  the  length  of  time  required  to  do  it.  U  a 
weight  of  1  pound  is  lifted  through  a  distance 
of  1  foot,  1  foot-pound  of  work  has  been  done, 
regardless  of  whether  it  was  done  in  half  a 
second  or  half  an  hour.  The  rate  at  which  work 
is  done  is  called  I<B^er.  In  the  field  of  mechani- 
cal engineering,  the  horsepower  {hp)  is  the 
common  unit  of  measurement  for  power.  By 
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definition,  I  horsepower  is  equal  to  SS^OOOfoot- 
pounds  of  work  per  minute  or  550  foot-pounds  of 
work  per  second.  Thus  a  machine  that  is  capable 
of  doing  550  foot-pounds  of  work  per  second  is 
said  to  be  a  1-horsepower  machine. 

THERMAL  ENERGY 

Energy  associated  primarily  with  systems 
of  molecules  is  called  thermal  energy.  Like 
other  kinds  of  energy,  thermal  energy  may  exist 
in  stored  form  (in  which  case  it  is  called  in- 
ternal energy)  or  as  energy  in  transition  (in 
which  case  it  is  called  heat). 

In  common  usage,  the  term  heat  is  often  used 
to  include  all  forms  of  thermal  energy.  How- 
ever, this  lack  of  distinction  between  heat  and  the 
stored  forms  of  thermal  energy  c'an  lead  to 
serious  confusion.  In  this  teict,  therefore,  the 
term  internal  energy  is  used  to  describe  the 
stored  forms  of  thermal  energy,  and  the  term 
heat  is  used  only  to  describe  thermal  energy 
in  transition. 

Internal  Energy 

Internal  energy,  like  all  stored  forms  of 
energy,  exists  either  as  potential  energy  or  as 
i    kinetic  energy. 

^  Internal  potential  energy  is  the  energy  asso- 
ciated with  the  forces  of  attraction  that  exist 
between  molecules.  The  magnitude  of  internal 
potential  energy  is  dependent  upon  the  mass  of 
the  molecules  and  the  average  distance  by  which 
they  are  separated,  in  much  the  same  way  that 
mechanical  potential  energy  depends  iqpon  the 
mass  of  the  bodies  in  the  system  and  the  dis- 
tance by  which  they  are  separated.  The  force  of 
attraction  between  molecules  is  greatest  in 
solids,  less  in  liquids  and  yielding  substances, 
and  least  of  all  in  gases  aind  vapors.  Whenever 
something  happens  to  change  the  average  dis- 
tance between  the  mcAecules  of  a  substance, 

;    there  is  a  corresponding,  change  in  the  internal 

I   potential  energy  of  the  substance. 

i  Internal  kinetic  energy  is  the  energy  asso- 
ciated primarily  with  the  activity  of  molecules. 
Just  as  mechanical  kinetic  energy  is  the  energy 
associated  with  the  velocities  of  relatively  large 
bodies,  ft  is  important  to  note  that  the  tempera- 
ture of  a  substance  arises  from  and  is  propor- 
tional to  the  molecular  activity  with  ^hicUP- 
tenu4  kinetic  energy  is  associated. 

For  most  purposes,  we  will  not  need  to 
distinguish  between  the  two  stored  formto  of 


internal  energy.  Instead  of  referring  to  internal 
potential  energy  and  internal  kinetic  energy, 
therefore,  we  may  often  simply  use  the  term 
internal  energy.  When  used  in  this  way,  without 
qualification,  the  term  internal  energy  should 
be  understood  to  mean  the  sum  total  of  all 
internal  energy  stored  in  the  substance  or  sys- 
tem ^y  virtue  of  the  motion  of  molecules  or  by 
virtue  of  the  forces  of  attraction  between 
molecules. 

Heat 

Although  the  term  heat  is  more  familiar  tiian 
the  term  internal  energy,  it  may  be  more  diffi- 
cult to  arrive  at  an  accurate  definition  of  heat. 
Heat  is  thermal  energy  in  transition.  Like  work, 
heat  is  a  transitory  energy  form  existing  be- 
tween two  or  more  other  forms  of  energy. 

Since  the  flow  of  thermal  energy  can  occur 
only  when  there  is  a  temperature  difference 
between  two  objects  or  regions,  it  is  apparent 
that  heat  is  not  a  property  or  attribute  of  any 
one  object  or  substance.  If  a  person  accidentally 
touches  a  hot  stove,  he  may  understandably  feel 
that  heat  is  a  property  of  the  stove.  More  ac- 
curately, however,  he  mig^t  reflect  that  his  liand 
and  the  stove  constitute  an  energy  system  and 
that  thermal  energy  flows  from  the  stove  to  his 
hand  because  the  stove  has  a  higher  tempera- 
ture than  his  hand. 

As  another  example  of  the  difference  between 
heat  and  internal  energy,  consider  two  equal 
lengths  of  piping,  made  of  identical  materials 
and  containing  steam  at  the  same  pressure  and 
temperature.  One  pipe  is  well  insulated,  one  is 
not.  From  everyday  eq[>erience,  we  expect  mo  re 
heat  to  flow  from  the  uninsulated  section  of  pipe 
than  from  the  insulated  section.  When  the  two 
pipes  are  first  filled  with  steam,  the  steam  in 
one  pipe  contains  exactly  as  much  internal  energy 
as  the  steam  in  the  other  pipe.  We  know  this  is 
true  because  the  twbpipes  contain  equal  volumes 
of  steam  at  equal  pressures  and  temperatures. 
After  a  few  minutes,  the  steam  in  the  uninsu- 
lated pipe  will  contain  much  less  internal  energy 
than  the  steam  in  the  Insulated  pipe,  as  we  can 
tell  by  reading  the  pressure  and  temperature 
gages  on  each  pipe.  What  has  happened?  Stored 
thermal  energy—internal  energy— has  moved 
from  one  place  to  another,  first  from  the 
stedm  to  the  pipe,  then  from  the  uninsulated 
pipe  to  the  air.  It  is  this  movement,  or 
this  flow,  of  energy  that  should  properly  be 
called  heat.  Temperature  is  a  reflection  of  the 
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amount  of  internal  kinetic  energy  possessed  by 
an  object  or  a  substance,  and  It  Is  therefore  an 
attribute  or  property  of  the  substance.  The  move- 
ment or  flow  of  thermal  energy-or,  In  other 
words,  heat-is  an  attribute  of  the  energy  system 
rather  than  of  any  one  component  of  It!^ 

Units  of  Measurement 

engineering,  heat  is  commonly  measured 
in  the  unit  called  the  British  thermal  unit  (nt»} 
Originally,  1  Btu  was  defined  as  the  quantity  of 
heat  required  to  raise  the  temperature  of  1  pound 
of  water  through  1  degree  on  the  Fahrenheit 
scale.  A  slmUar  unit  called  the  calorie^  (cal)  was 
originally  defined  as  the  quantity  of  heat  required 
to  raise  the  temperature  of  1  gram  of  water 
through  1  degree  on  the  Celsius  scale.  These 
units  are  still  in  use,  but  the  original  definitions 
have  been  abandoned  by  Inter  natlaial  agreement 
The  Btu  and  the  calorie  are  now  defined  in  terms 
Of  the  unit  of  energy  called  the  Joule.*  The 

''The  correct  definition  of  heat  Is  emphasized  here  In 
^  subsequent  misunderstanding  In  the 

f^  K,.  "'"■"odynamlc  processes.  It  is  obvious  that 
"heat"  and  related  words  are  sometimes  used  In  a 
general  way  to  Indicate  temperature.  For  example 
we  have  no  simple  way  of  referring  to  an  object  with 
a  large  amount  of  Internal  kinetic  energy  except  to  say 
that  it  is  "hot."  Similarly,  a  reference  to  "the  heat  of 
the  sun"  may  mean  eitherthe  temperature  of  the  sun  or 
^^-»f^°'^f  "diated  by  the  sun.  Even 

"heat  flow"  or  "heat  transfer"-the  terms  quite  prop- 
erly used  to  describe  the  flow  of  thermal  energy-are 
sometimes  used  in  such  a  way  as  to  imply  that  heat  is 
a  property  of  one  object  or  substance  rather  than  an 
attribute  of  an  energy  system.  To  a  certain  extent, 
such  Inaccurate  use  of  "heat"  and  related  wottis  is 
really  unavoidable;  we  must  continue  to  "add  heat" 
and  Remove  heat"  and  perform  other  impossible 
operations  verbally,  unless  we  wish  to  adopt  a  very 
stuffy  and  long-winded  form  of  speech.  It  is  essential, 
however,  that  we  maintain  a  clear  understandlmr  of 
tte  true  nature  of  heat  and  of  the  distinction  between 
heat  and  the  stored  forms  of  thermal  energy. 
Several  reasons  contributed  to  the  abandonment  of  the 
original  deflnitlona  of  Ura  Btu  and  the  calorie.  For  one 
thing,  precise  measurer  jents  Indicated  that  the  quantity 
f®l"*««*  *o  "^•'e  a  specified  amount  of  water 
through  1  degree  on  the  appropriate  scale  was  not  con- 
stant at  all  temperatures.  Second-and  perhaps  even 
more  Important-the  recognition  of  heat  as  a  form  of 
energy  makes  the  Btu  and  the  calorie  unnecessary.  In- 
deed, it  has  been  suggested  that  the  calorie  and  the  Btu 
could  be  given  vp  entirely  and  that  heat  could  be  ex- 
2[f*wn**u*r'°*'y  *"  i""*""'  'o6t-i)ound8.orother 
^^il^^f'^li"**"-  So«nep«>g"B»  has  been  made 
11 -Mi'?J^*°»'  theBtuand  the  oatorle 

are  still  the  units  ofheatmostwidelyused  in  engineer- 
ing and  In  the  physical  sciences  generally. 


following  relationships  have  thus  been  estab- 
lished by  definition  or  derived  from  the  estab- 
lished definitions: 

1  calorie  =  watt-hour 

B  4.18605  Joules 
-  3.0883  foot-pounds 
1  Btu  ■  251.996  calories 
■  778.26  foot-pounds 
>  1054.886  Joules 

The  values  given  here  are,  of  course,  con- 
siderably more  precise  than  those  normally  re- 
qMlred  in  engineering  calculations. 

When  large  amounts  of  thermal  energy  are 
involved.  It  is  often  more  convenient  to  use  mul- 
tiples of  the  Btu  or  the  calorie.  For  exanyde  we 
may  wish  to  refer  to  thousands  or  mlUlons  of 
Btu,  In  which  case  we  would  use  the  unit  kB 
;  °'  t^e  Unit  mB  (1  mB  = 

1,000,000  Btu).  SlmUarly,  the  kUocalorle  may 
be  used  when  we  wish  to  express  calories  in 
thousands  (1  kilocalorle  =  1000  calories).  The 
kUocalorie,  also  caUed  the  "large  calorie,"  is 
-the  unit  normally  used  for  indicating  the  thermal 
energies  of  various  foods.  Thus  a  portion  of 
food  which  contains  "100  calories"  actually  con- 
tains 100  kllocalorles  or  100,000  ordinary  calo- 

Heat  Transfer 

Heat  flow,  or  the  transfer  of  thermal  energy 
from  one  body,  substance,  or  region  to  another, 
takes  place  always  from  a  region  of  higher  tem- 
perature to  a  region  of  lower  temperature  5  In 
thermodynamics,  the  high  temperature  region 
may^be  called  the  source  or  the  emittingregion: 
the  low  temperature  region  may  be  called  the 
SlSk^  the  receiver^  or  the  receiving  region. 


TTiis  statement,  although  entirely  true  for  all  practi- 
cal engineering  applioations.  ahoM  perhaps  bequali- 
^^^F^  exchanges  between  moleoules  may  be 
thouAt  of  as  being  random,  in  the  statistical  sense: 
therefore;  some  exchanges  of  thermal  energy  may  in- 
ft  ^  ^®  wrong  direction"-that  is.  from  a 
colder  re^n  to  a  warmer  region.  On  the  average, 
however,  the  flow  of  heat  is  always  from  the  higherto 
the  lower  temperature. 
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Although  three  modes  of  heat  transfer-* 
conduction,  radiation,  and  convection— are  com- 
monly recognized,  we  wUl  find  it  easier  to 
understand  heat  transfer  if  we  make  a  distinction 
between  conduction  and  radiation,  on  the  one 
hand,  and  convection,  on  the  other.  Conduction 
and  radiation  may  be  regarded  as  the  primary 
modes  of  heat  flow.  Convection  may  best  be 
thought  of  as  a  related  but  basically  different 
and  special  kind  of  process  which  involves  the 
movement  of  a  mass  of  fluid  from  one  place  to 
another. 

CONDUCTION.-Conduction  is  the  mode  by 
which  heat  flows  from  a  hotter  to  a  colder  re- 
gion when  there  is  physical  contact  between  the 
two  regions.  For  exai^ple,  consider  a  metal  bar 
which  is  held  so  that  one  end  of  it  is  in  boiling' 
water.  In  a  very  short  time  the  end  of  the  bar 
which  is  not  in  the  boiling  water  will  have  be- 
come too  hot  to  hold.  We  say  that  heat  has  been 
conducted  from  molecule  to  molecule  along  the 
entire  length  of  the  bar.  The  molecules  in  the 
layer  nearest  the  source  of  heat  become  in- 
creasingly active  as  they  receive  thermal 
energy.  Since  each  layer  of  molecules  is  bound 
to  the  adjacent  layers  by  cohesive,  forces,  the 
motion  is  passed  on  to  the  next  layer  which,  in 
turn,  sets  up  increased  activity  in  the  next  layer. 
The  process  of  conduction  continues  as  long  as 
there  is  a  temperature  difference  between  the 
two  ends  of  the  bar. 

The  total  quantity  of  heat  conducted  depends 
upon  a  number  of  factors.  Let  us  consider  a  bar 
of  homogeneous  material  which  is  uniform  in 
cross-sectional  area  throughout  its  length.  One 
end  of  the  bar  is  kept  at  a  uniformly  high  tem- 
perature, the  other  end  is  kept  at  a  uniformly 
low  temperature.  After  a  steady  and  uniform 
flow  of  heat  has  been  established,  the  total  quan- 
tity of  heat  that  will  be  conducted  through  this 
bar  depends  upon  the  following  relationships: 

1.  The  total  quantity  of  heat  passing  through 
the  conductor  in  a  given  length  of  time  is  di- 
rectly  proportional  to  the  cross-sectional  area 
of  the  conductor.  The  cross-sectimal  area  is 
measured  normal  to  (that  is,  at  right  angles  to) 
the  direction  of  heat  flow. 

2.  The  total  quantity  of  heat  passing  through 
the  conductor  in  a  given  length  of  time  is  pro- 
portional to  the  thermal  gradient— that  is,  to  the 
difference  in  temperature  between  the  two  ends 
of  the  bar,  divided  by  the  length  of  the  bar. 


3.  The  quantity  of  heat  is  directly  propor- 
tional to  the  time  of  heat  flow. 

4.  The  quantity  of  heat  depends  upon  the 
thermal  conductivity  of  the  material  of  which 
the  bar  is  made.  Thermal  conductivity  (k)  is 
different  for  each  material.  . 

These  relationships  may  be  e^ressed  by 
the  equation 

QskTA^*^^;-^ 

where 

Q  =  quantity  of  heat,  in  Btu  or  calories 

k  =  coefficient  of  thermal  conductivity 
-  (characteristic  of  each  material) 

T  =  time  during  which  heat  flows 

A  s  cross-sectional  area,  normal  to  the  path 
of  tieat 

t  B  temperature  at  the  hot  end  of  the  bar 
tg  "  temperature  at  the  cold  end  of  the  bar 

L  =  distance  between  the  two  ends  of  the  bar 


This  equation,  which  is  sometimes  calledthe 
■general  conduction  equation,  iqpplies  whether  we 
are  using  a  metric  system  or  a  British  system. 
Consistency  in  the  use  of  units  is,  of  course, 
vital. 


The  quantity  J^- — ^is  called  the  thermal 

Lj 

gradient  or  the  temperature  gradient.  In  the 
metric  CGS  system,  the  temperature  gradient  is 
e9q>re88ed  in  degrees  Celsius  per  centimeter  of 
length;  the  cross-sectional  area  is  e9q>ressedin 
square  centimeters;  and  the  time  is  esqpressed 
in  i^econds.  In  British  units,  the  temperature 
gradient  is  e:q>re88ed  in  Btu  per  inch  (or  some- 
times per  foot)  of  length;  the  cross-sectional 
area  is  e3q)ressed  in  square  feet;  and  the  time  is 
eaqpressed  in  seconds  or  in  hours.  (As  may  be 
noted,  some  caution  is  required  in  using  the 
British  units;  we  must  know  whether  the  tem- 
perature gradient  indicates  Btu  per  inch  or  Btu 
•  per  foot,  and  we  must  know  whether  the  time  is 
expreased  in  seconds  or  in  hours.) 

From  the  general  conduction  eqiiation,  we 
may   infer  that  the  coefficient  of  thermal 


conductivity  (k)  represents  the  quantity  of  heat 
Which  will  now  through  unit  cross  section  anH 
u»il  length  d  a  material  in  unit  ttinft  u,|ie5TK5?S 
is  unit  temperature  difference  between  the  hotter 
and  the  colder  faces  of  the  materlaT  '■ 

Thermal  conductivity  is  determined  experi- 
mentally  for  various  materials.  We  may  perhaps 
visualize  the  process  of  conduction  more  clearly 
and  understand  its  quantitative  aspects  more 
fuUy  by  examining  an  apparatus  for  the  deter- 
mination of  thermal  conductivity  and  by  settine 
up  a  problem.  ^ 
Figure  8-1  shows  a  device  that  couldbeused 
for  determining  thermal  conductivity.  Assume 
that  we  have  a  bar  of  uniform  diameter,  made 
of  an  unknown  metal.  (If  we  knew  the  kind  of 
metal,  we  could  look  up  the  thermal  conduc- 
tlvlty  In  a  table;  since  we  do  not  know  the  metal 
we  shall  find  k  experlmentaUy.)  One  end  of  the 
bar  Is  Inserted  Into  a  steam  chest  In  which  a 
constant  temperature  Is  maintained;  the  other 
aid  of  the  bar  Is  Inserted  Into  a  water  chest, 
•nie  quantity  of  water  flowing  through  the  water 
chest  and  the  entrance  and  exit  temperature  of 
the  water  are  measured.  Also,  the  temperature 
of  the  bar  Itself  Is  measured  at  two  points  by 
means  of  thermometers  Inserted  into  holes  In 
the  bar;  we  may  choose  any  two  points  along  the 
bar,  provided  they  are  reasonably  far  apart  and 
provided  they  are  some  distance  away  from  the 
steam  chest  and  the  water  chest. 

We  wUl  assume  that  the  entire  apparatus  is 
perfecUy  Insulated  so  that  the  temperature  dif- 
ference between  t-  and  t,  is  an  accurate  reflec- 
tion of  the  heat  (Tonductld  along  the  bar  and  so 


that  the  amount  of  heat  absorbed  by  the  circulat- 
ing water  In  the  water  chest  Is  a  true  Indication 
of  the  heat  conducted  from  the  hotter  end  of  the 
bar  to  the  colder  end.  We  will  assume  that  the 
following  data  are  known  at  the  outset  or  learned 
by  measurement  or  determined  In  the  course  of 
the  experiment: 

Specific  heat  of  water  s  1.00 

Temperature  of  water  entering  water  chest- 

J/fo'^lp®'**"'®  °^         leaving  water  chest  - 

Mass  of  water  passing  through  water  chest- 
1300  grams 

t J  (temperature  at  hotter  end  of  bar)  ■  80®C 

tg  (temperature  at  cooler  end  of  bar)  ■  60®  C 

A  (cross-sectional  area  of  bar)  •  20  square 
centimeters 

L  (distance  between  points  of  temperature 
measurement  on  bar)  =  10  centimeters 

T  (time  of  heat  flow)  =  6  minutes  =  360  sec- 
onds 

To  determine  the  thermal  conductivity,  k  of 
our  unknown  metal,  we  wUl  use  two  equations. 
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Figure  8-l.-Devlce  for  measuring  thermal  conductivity. 

164 

•  ,  168 


147.60 


Chapter  8- INTRODUCTION  TO  THERMODYNAMICS 


One  is  the  general  conduction  equation 

4  "  *2 
Q  «  kTA  *  t  ^ 

where,  as  we  have  seen,  Q  may  be  expressed 
in  calories  or  in  Btu.  In  this  example,  we  are 
using  the  metric  CGS  system  and  must  therefore 
express  ^in  calories.  The  second  equation  we 
will  use  gives  us  a  second  way  of  calculating 
Q^-that  is,  by  determining  the  amount  of  heat 
absorbed  by  the  circulating  water.  Thus, 

Q  s  mass  of  water  x  temperature  change 
of  water  x  specific  heat  of  water 

Substituting  some  of  our  known  values  in 
this  second  equation,  we  find  that 

Q  -  (1300)  (10)  (1)  «  13,000  calories 

Using  this  value  of  ^and  substituting  other 
known  values  in  the  general  conduction  equation, 
we  find  that 

13,000  *  k  (360)  (20)  (^Q  - 

-k(360)  (20)  (2) 

-  14,400  k 

0.9  ■  k 

It  should  be  noted  that  the  general  conduction 
equation  applies  only  when  there  is  a  steady- 
state  thermal  gradient— that  is,  after  a  uniform 
flow  of  heat  has  been  established,  tt  should  be 
noted  also  that  k^varies  slightly  as  a  function  of 
temperature,  although  for  many  purposes  the 
rise  in  k^  that  goes  with  a  rise  in  temperature 
is  so  slight  that  it  can  safely  be  disregarded. 

In  considering  the  esqperimental  determina- 
tion of  thermal  conductivity,  why  do  we  include 
''specific  heat  of  water  ■  1.00"  as  one  of  the 
known  data?  What  is  specific  heat,  and  what  is 
its  utility?  S^cific  heat  (also  called  heat  capac- 
ity  or  specific  heat  capacity)  is,  like  thermal 
conductivity,  a  thermal  property  of  matter  that 
must  be  determined  e:q>erimentally  for  each 
substance.  In  general,  we  may  say  that  specific 
heat  is  the  property  of  matter  that  e^q^xtains  why 
the  addition  of  equal  quantities  of  het^t  to  two 
different  substances  will  not  necessarily  prodUce 
the  same  temperat^e'^iseinthetwosuljstances. 
We  may  define  the  Spbciiic  heat  of  any  substance 
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as  the  quantity  of  heat  required  to  raise  the 
temperature  of  unit  mass  of  that  substance  1 
degree.^  In  the  metric  CGS  system,  specific 
heat  is  esqpressed  in  calories  per  gram  per 
degree  Celsius;  in  the  metric  MKS  system,  it 
is  esqpressed  in  kilocalories  per  kilogram  per 
degree  Celsius;  and  in  British  systems,  it  is 
e^qpressed  in  Btu  per  pound  per  degree  Faturen- 
heit.  The  specific  tieat  of  water  is  1.00  in  any 
system,  and  the  numerical  value  of  specific 
heat  for  any  given  substance  is  the  same  in  all 
systems  (although  the  units  are,  of  course,  dif- 
ferent). 

Specific  heat  is  determined  e^erimentally 
by  laboratory  procedures  which  are  extremely 
complex  and  difficult  in  practice,  although 
basically  simple  in  theory.  One  of  the  common- 
est methods  of  determining  specific  heat  is 
known  as  the  method  of  mixtures.  In  this  pro- 
cedure, a  known  mass  of  finely  divided  metal  is 
heated  and  then  mixed  with  a  known  mass  of 
water.  The  temperatures  of  the  metal  before 
mixing,  of  the  water  before  mixing,  and  of  the 
mixture  just  as  it  reaches  thermal  equilibrium 
are  measured.  Then,  on  the  simple  premise  that 
the  heat  lost  by  one  substance  must  be  gained 
by  the  other  substance,  the  specific  heat  of  the 
metal  can  be  found  by  using  the  equation 

mjCj  (ti«t3)  =  m2C2(t3-t2) 

where 

m^  s  mass  of  metal 

m2  a  mass  of  water 

Cj  -  specific  heat  of  metal 

C2  "  specific  heat  of  water  (known  to  be  1.00) 

tj  ■  temperature  of  metal  before  mixing 

t2  ■  temperature  of  water  before  mixing 

t^  ■  temperature  at  which  water  and  metal 
reach  thermal  equilibrium 


^ecific  heat  as  defined  here  should  not  be  confused 
with  the  relatively  useless  concept  of  specific  heat 
ratio,  which  the  heat  capacity  of  .each  substance  is 
compared  to  the  heat  oq>aoity  of  water  (taken  as  1.00). 
The  speoifio  heat  ratio  is,  obviously,  a  pure  number 
without  units. 
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In  words,  then,  we  may  say  that  the  mass 
times  the  specific  heat  times  the  temperature 
change  of  the  first  substance  must  equal  the 
mass  times  the  specific  heat  times  the  tem- 
perature change  of  the  second  substance*  In  this 
equation  and  in  this  verbal  statement,  we  are 
ignoring  the  thermal  energy  absorbed  by  the 
apparatus,  by  the  stirring  rods,  and  by  the 
thermometers.  In  actually  determining  specific 
heats,  it  is  often  necessary  to  account  for  all 
thermal  energy,  even  that  relatively  minute 
quantity  which  is  absorbed  by  the  equipment. 
In  such  a  case,  the  heat  absorbed  by  the  equip- 
ment is  merely  added  to  the  right-hand  side  of 
the  equation. 

Specific  heat  is  primarily  useful  in  that 
it  allows^  us  to  determine  the  quantity  of  heat 
added  to  a  substance  merely  by  observing  the 
temperature  rise,  when  we  know  the  mass  and 
the  specific  heat  of  the  substance.  And  this,  in 
fact,  is  precisely  what  we  did  in  the  thermal 
conductivity  problem,  where  we  calculated  the 
amount  of  heat  that  had  been  absorbed  by  the 
water  in  the  water  chest  by  using  the  equation 

Q  =  mass  x  temperature  change  x  specific  heat 

Specific  heat  varies,  in  greater  or  lesser 
degree,  according  to  pressure,  volume,  and 
temperature.  Specific  heat  values  quoted  for 
solids  and  liquids  are  obtained  throu^  e:q>eri- 
mental  procedures  in  which  the  substance  is 
kept  at  constant  pressure.  The  specific  heat  of 
any  gas  may  vary  tremendously,  having  in  fact 
an  almost  infinite  variety  of  values  because  of 
the  almost  infinite  variety  of  processes  and 
states  during  which  energy  is  transferred  to  or 
by  a  gas.  For  convenience,  specific  heats  of 
gases  are  given  as  specific  heat  at  constant 
volume  (Cy)  and  specific  heat  at  constant  pres- 
sure (Cp). 

RADIATION. -Thermal  radiation  is  a  mode 
of  heat  transfer  that  does  not  involve  any  physi- 
cal contact  between  ttie  emitting  region  and  the 
receiving  region.  A  person  sitting  near  a  hot 
stove  is  warmed  by  thermal  radiation.from  the 
stove,  even  though  the  air  in  between  remains 
relatively  cold.  Thermal  radiation  from  the 
sun  warms  the  earth  without  warming  the  space 
through  which  it  passes.  Thermal  radiation 
passes  through  any  transparent  substanesr-air, 
glass,  ice— without  warming  it  to  any  extent 
because  transparent  materials  are  very  poor 
absorbers  of  radiant  energy. 


All  substances-solids,  liquids,  and  gases- 
emit  radiant  energy  at  all  times.  We  tend  to 
think  of  radiant  energy  as  something  that  is 
emitted  only  by  extremely  hot  objects  such  as 
the  sun,  a  stove,  or  a  furnace,  but  this  is  a  very 
limited  view  of  the  nature  of  radiant  energy. 
The  earth  absorbs  radiant  energy  emitted  by  the 
sun,  but  the  earth  in  turn  radiates  energy  to  the 
stars.  A  stove  radiates  energy  to  everything 
surrounding  it,  but  at  the  same  time  all  the  sur- 
rounding objects  are  radiating  energy  to  the 
stove.  A  child  standing  near  a  snowman  may 
well  believe  that  the  snowman  is  "radiating 
cold"  rather  than  emitting  radiant  energy;  ac- 
tually, however,  both  the  child  and  the  snowman 
are  emitting  radiant  energy.  The  child,  of  course, 
is  radiating  far  more  energy  than  the  snowman, 
so  the  net  effect  of  this  energy  exchange  is  that 
the  snowman  grows  warmer  and  the  child  grows 
colder.  We  are  literally  surrounded  by-and  a 
part  of— such  energy  exchanges  at  all  times.  As 
we  consider  these  energy  exchanges,  we  may  ar- 
rive at  a  new  view  of  thermal  equilibrium: 
when  objects  are  radiating  precisely  as  much 
thermal  energy  as  they  are  receiving,  in  any 
given  period  of  time,  they  are  in  thermal  equi- 
librium. 

Thermal  radiation  is  an  electromagnetic 
wave  phenomenon,  differing  from  light,  radio 
waves,  and  other  electromagnetic  phenomenon 
merely  in  the  wavelengths  involved.  When  the 
wavelengths  are  in  the  infrared  part  of  the  elec- 
tromagnetic spectrum— that  is,  when  they  are 
just  below  the  range  of  visible  light  waves— we 
refer  to  the  radiated  energy  as  thermal  radia- 
tion. It  should  be  noted,  however,  that  all  elec- 
tromagnetic waves  transport  energy  which  can 
be  absorbed  by  matter  and  which  can  in  many 
cases  result  in  observable  thermal  effects.  For 
example,  one  energy  unit  of  light  absorbed  by 
a  substance  produces  the  same  temperature  rise 
in  that  substance  as  is  produced  by  the  absorp- 
tion of  an  equal  amoimt  of  thermal  (infrared) 
energy. 

When  radiant  energy  falls  upon  a  body  that 
can  absorb  it,  some  of  the  energy  is  absorbed 
and  some  is  reflected.  The  amount  absorbed  and 
the  amount  reflected  depend  in  large  part  upon 
the  surface  of  the  receiving  body.  Dark,  qpaque 
bodies  absorb  more  thermal  radii^ion  than  shiny, 
bright,  white,  or  polished  bodies.  Shiny,  bright, 
white,  or  polished  bodies  reflect  more  thermal 
radiation  than  dark,  opaque  bodies.  Good  radia- 
tors are  also  good  absorbers  and  poor  radiators 
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are  poor  absorbers.  In  general,  good  reflectors 
are  poor  radiators  and  poor  absorbers. 

In  considering  thermal  radiation,  the  concept 
o'  black  body  radiation  is  frequently  a  useful 
construct.  A  black  body  is  conceived  of  as  an 
ideal  or  theoretical  body  which,  being  perfectly 
black,  is  a  perfect  radiator,  a  perfect  absorber, 
and  a  perfect  nonreflector  of  radiant  energy. 
rue  thermal  radiation  emitted  by  such  a  perfect 
bl  1  ^k  body  is  proportional  to  T4-.that  is,  to  the 
ab2i.:)lute  temperature  raised  to  the  fourth  power. 
Because  of  the  fourth  power  relationship,  dou- 
bling the  absolute  temperature  Increases  the 
radiation  16  times,  tripling  the  absolute  tem- 
perature increases  the  radiation  81  times,  and 
so  forth.  The  thermal  radiation  emitted  by  real 
bodies  Is  also  proportional  to  the  fourth  power  of 
the  absolute  temperature^  although  the  total 
radiation  emitted  by  a  real  body  depends  also 
upon  the  surface  of  the  body.  Consideration  of 
the  relationship  between  the  thermal  radiation 
of  a  body  and  the  fourth  power  of  the  absolute 
temperature  of  that  body  explains  why  theprob- 
lem  of  thermal  Insulation  against  radiation 
losses  Increases  so  enormouslyas  the  tempera- 
ture increases. 

CONVECTION. -Although  convection  is  often 
loosely  classified  as  a  mode  of  heat  transfer,  it 
is  more  accurately  regarded  as  the  mechanical 
transportation  of  a  mass  of  fluid  (liquid  or  gas^) 
from  (Hie  place  to  another.  In  theprocessof  this 
transportation,  all  the  thermal  energy  stored 
within  the  fluid  remains  In  stored  form  unless  it 
is  transferred  by  radiation  or  by  conduction. 
Since  convection  does  not  Involve  thermal  energy 
in  transition,  we  cannot  in  the  most  fundamental 
sense  regard  it  as  a  mode  of  heat  transfer. 

Convection  is  the  transportation  or  the  move- 
ment  of  some  portions  within  amass  of  fluidTAs 
this  movement  occurs,  the  moving  portions  of 
the  fluid  transport  their  contained  iherto^l 
energy  to  other  parts  of  the  fluid.  The  effect  of 
convection  Is  thus  to  mix  the  various  portions  of 
the  fluid.  The  part  that  was  at  the  bottom  of 
the  container  may  move  to  the  top  or  the  part 
that  was  at  one  side  may  move  to  the  other  side. 
As  this  mixing  takes  place,  heat  transfer  occurs 
by  conduction  and  radiation  from  one  part  of  the 
fluid  to  another  and  between  the  fluid  and  its 
surroundings.  In  other  words,  conve^lon  trans- 
ports portions  of  the  fluid  from  one  j^aceto  an- 
other, mixes  the  fluid,  and  thus  provides  an 
opportunity  for  heat  transfer  to  occur.  But 


convection  does  not,  in  and  of  itself,  "transfer 
thermal  energy. 

Convection  serves  a  vital  purpose  in  bring- 
ing the  different  parts  of  a  fluid  into  close 
contact  with  each  other  so  that  heat  transfer  can 
occur.  Without  convection,  there  would  be  little 
heat  transfer  from,  to,  or  within  fluids,  since 
most  fluids  are  very  poor  at  transferring  heat 
except  when  they  are  in  motion. 

Two  kinds  of  convection  may  be  distinguished. 
Natural  convection  occurs  when  there  are  differ- 
ences in  the  density  of  different  parts  of  the 
fluid.  The  differences  In  density  are  usually 
caused  by  unequal  temperatures  within  the  mass 
of  fluid.  As  the  air  over  a  hot  radiator  is  heated, 
for  example,  it  becomes  less  dense  and  there- 
fore begins  to  rise.  Cooler,  heavier  air  is  drawn 
in  to  replace  the  heated  air  that  has  moved  up- 
ward, and  convection  currents  are  thus  set  up. 
Another  example  of  natural  convection,  and  one 
that  may  be  quite  readUy  observed,  may  be 
found  In  a  pan  of  water  that  is  being  heated  on 
a  stove.  As  the  water  near  the  bottom  of  the  pan 
is  heated  first,  it  becomes  less  dense  and  moves 
upward.  This  displaces  the  cooler,  heavier  water 
and  forces  It  downward;  as  the  cooler  water  Is 
heated  In  turn,  it  rises  and  displaces  the  water 
near  the  top.  By  the  time  the  water  has  almost 
reached  the  boUlng  point,  a  considerable  amount 
of  motion  can  be  observed  In  the  water. 

Forced  convection  occurs  when  some  me- 
chanical device  such  as  a  pump  or  a  fan  produces 
movement  of  a  fluid.  Many  examples  of  forced 
convection  may  be  observed  In  the  shipboard 
engineering  plant:  feedpumps  transporting  water 
to  the  boilers,  fuel  oil  pumps  moving  fuel  oU 
through  heaters  and  meters,  lubricating  oU 
pumps  forcing  lubricating  oU  through  coolers, 
and  forced  draft  blowers  pushing  air  through 
boiler  double  casings,  to  name  but  a  few. 

The '  mathematical  treatment  of  convection 
Is  extremely  complex,  largely  because  the 
amount  of  heat  gained  or  lost  through  the  con- 
vection process  depends  upon  so  many  different 
factors.  Empirically  determined  convection  co- 
efficients which  take  account  of  these  many 
factors  are  avaUable  for  most  kinds  of  engineer- 
ing equipment. 

Sensible  Heat  and  Latent  Heat 

The  terms  sensible  heat  and  latent  heat  are 
often  used  to  indicate  the  effect  that  the  trans- 
fer of  heat  has  upon  a  substance.  The  flow  of 
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heat)  from  one  substance  to  another  is  normal- 
ly reflected  in  a  temperature  change  in  each 
substance— that  is,  the  hotter  substance  be- 
comes cooler  and  the  cooler  substance  becomes 
hotter.  However,  the  flow  of  heat  is  not  re- 
flected in  a  temperature  change  in  a  substance 
which  is  ip  process  of  changing  from  one  physi- 
cal state"  to  another.  When  the  flow  of  heat  is 
reflected  in  a  temperature  change,  we  say  that 
sensible  heat  has  been  added  to  or  removed 
from  a.  substance.  When  the  flow  of  heat  is  not 
reflected  in  a  temperature  change  but  is  re- 
flected in  the  changing  physical  state  of  a  sub- 
stance, we  say  that  latent  heat  has  been  added 
or  removed. 

Since  heat  is  defined  as  thermal  energy  in 
transition,  we  must  not  infer  that  sensible  heat 
and  latent  heat  are  really  two  different  kinds  of 
heat.  Instead,  the  terms  serve  to  distinguish 
between  two  different  kinds  of  effects  produced 
by  the  transfer  of  heat;  and,  at  a  more  funda- 
mental level,  they  indicate  something  about  the 
manner  in  which  the  thermal  energy  was  or  will 
be  stored.  Sensible  heat  involves  internal  kinetic 
energy  and  latent  heat  involves  internal  potential 
energy. 

The  three  fundamental  physical  states  of  all 
matter  are  solid,  liquid,  and  gas  (or  vapor).  The 
physical  state  of  a  substance  is  closely  re- 
lated to  the  distance  between  molecules.  The 
molecules  are  closest  together  in  solids,  farther 
apart  in  liquids,  and  farthest  apart  in  gases.  When 
the  flow  of  heat  to  a  substance  is  not  reflected  in 
a  temperature  change,  we  know  that  the  energy 
is  being  used  to  increase  the  distance  between 
the  molecules  of  the  substance  and  thus  change 
it  from  a  solid  to  a  liquid  or  from  a  liquid  to  a 
gas.  In  other  words,  the  addition  of  heat  to  a 
substance  that  is  in  process  of  changing  from 
solid  to  liquid  or  from  liquid  to  gas  results  in 
an  increase  in  the  amount  of  internal  potential 


In  thermodynamics,  the  physical  state  of  a  substance 
(sohd,  liquid,  or  gas)  is  usually  described  the  term 
phase,  while  the  term  state  is  used  to  describe  the 
substance  Mdth  respect  to  all  of  itsproperties^^pliase, 
pressure,  temperature,  specific  volume,  and  so  forth. 
Thus  the  phase  of  a  substance  may  be  oonsidered  as 
merely  one  of  the  several  properties  that  fix  the  state 
of  the  substance.  While  the  precision  of  this  usage 
has  some  obvious  advantages,  it  is  not  in  standard  use 
among  engineer|^  In  this  text,  therefore,  the'  term 
giysioal  state  (or  sometimes  state)  is  used  to  denote 
tne  moleouiar  condition  of  a  substance  that  determines 
whether  the  substance  is  a  solid,  a  liquid^  or  a  gas. 


energy  stored  in  the  substance,  but  it  does  not 
result  in  an  increase  in  the  amount  of  internal 
kinetic  energy.  Only  after  the  change  of  state 
has  been  fully  accomplished  does  the  addition  of 
heat  result  in  a  change  in  the  amount  of  internal 
kinetic  energy  stored  in  the  substance;  hence, 
there  is  no  temperature  change  until  after  the 
change  of  state  is  complete. 

In  a  sense,  we  may  think  of  latent  heat  as 
the  energy  price  that  must  be  paid  for  a  change 
of  state  from  solid  to  liquid  or  from  liquid  to 
gas.  But  the  energy  is  not  lost;  rather,  it  is 
stored  in  the  substance  as  internal  potential 
energy.  The  energy  price  is  ^'repaid,"  so  to 
speak,  when  the  substance  changes  back  from 
gas  to  liquid  or  from  liquid  to  solid;  during 
these  changes  of  state,  the  substance  gives  off 
heat  without  any  change  in  temperature. 

The  amount  of  latent  heat  required  to  cause 
a  change  of  state^or,  on  the  other  hand,  the 
amount  of  latent  heat  given  off  during  a  change 
of  state^varies  according  to  the  pressure  under 
which  the  process  takes  place.  For  example,  it 
takes  about  970  Btu  to  change  1  pound  of  water 
to  steam  at  atmospheric  pressure  (14.7  psia) 
but  it  takes  only  62  Btu  to  change  1  pound  of 
water  to  steam  at  3200  psia. 

Figure  8-2  shows  the  relationship  between 
sensible  heat  and  latent  heat  for  one  substance, 
water,  at  atmospheric  pressure.^  If  we  start 
with  1  pound  of  ice  at  O^F,  we  must  add  16  Btu 
to  raise  the  temperature  of  the  ice  to  32^  F.  We 
call  this  adding  sensible  heat.  To  change  the 
pound  of  ice  at  32*'F  to  a  pound  of  water  at  32®F, 
we  must  add  144  Btu  (the  latent  heat  of  fusion). 
There  will  be  no  change  in  temperature  while 
the  ice  is  melting.  After  all  the  ice  has  melted, 
however,  the  temperature  of  the  water  will  be 
raised  as  additional  heat  is  supplied.  Again,  we 
are  adding  sensible  heat.  If  we  add  180  Btu— 
that  is,  1  Btu  for  each  degree  of  temperature 
between  32''F  and  212''F-the  temperature  of  the 
water  will  be  raised  to  the  boiling  point.  To 
change  the  pound  of  water  at  212^F  to  a  pound 
of  steam  at  212''F,  we  must  add  970  Btu  (the 
latent  heat  of  vaporization).  After  all  the  water 
has  been  converted  to  stean^  the  addition  of 
more  heat  will  cause  an  increase  in  the  tem- 
perature of  the  steam.  If  we  add  42  Btu  to  the 


The  same  kind  of  chart  could  be  drawn  up  for  other 
substances,  but  different  amounts  of  thermal  energy 
would  of  course  be  required  for  each  change  of  tem- 
perature or  of  physical  state. 
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pound  of  steam  which  is  at  2 12"?,  we  can  super- 
heat^  it  to  300'' F. 

The  same  relationships  apply  when  heat  is 
being  removed.  The  removal  of  42  Btu  from  the 
pound  of  steam  which  is  at  300'' F  will  cause 
the  temperature  to  drop  to  212''F.  As  the  pound 
of  steam  at  212''F  changes  to  a  pound  of  water 
at  212''F,  970  Btu  are  given  off.  When  a  gas  or 
vapor  is  changing  to  a  liquid,  we  usually  use  the 
term  latent  heat  of  condensation;  numerically, 
of  course,  the  latent  heat  of  condensation  is 
exactly  the  same  as  the  latent  heat  of  vaporiza- 
tion. The  removal  of  another  180  Btu  will  lower 
the  temperature  of  the  pound  of  water  from  2 12 ''F 
to  32''F.  As  the  pound  of  water  at  32''F  changes 
to  a  pound  of  ice  at  32''F,  144  Btu  are  given  off 
without  any  accompanying  change  in  tempera- 
ture. Further  removal  of  heat  causes  the  tem- 
perature of  the  ice  to  decrease. 

Heat  Transfer  Apparatus 

Any  device  or  apparatus  designed  to  allow 
the  flow  of  thermal  energy  from  one  fluid  to 
another  is  called  a  heat  exchanger.  The  ship- 
board engineering  plant  contains  an  enormous 
number  and  variety  of  heat  exchangers,  ranging 
from  large  items  such  as  boilers  and  main  con- 
densers to  relatively  small  items  such  as  fuel 
oil  heaters  and  lubricating  oil  coolers. 

As  a  basis  for  understanding  something  about 
heat  transfer  in  real  hf/at  exchangers,  it  is  nec- 
essary to  visualize  th^d  general  configuration  of 
the  most  commonly  used  type  of  heat  exchanger. 
With  few  exceptions, heat  exchangers  used 
aboard  ship  are  of  the  indirect  or  surface  type» 
that  is,  heat  flows  from  one  fluid  to  another 
through  some  kind  of  tube,  plate,  or  other  ''sur- 
face" that  separates  the  two  fluids  and  keeps 
them  from  mixing.  Most  surface  heat  exchangers 


A  vapor  or  gas  is  said  to  be  superheated  when  its 
temperature  has  been  raised  above  the  temperature 
of  the  liquid  from  which  the  vapor  or  gas  is  being 
generated.  As  may  be  inferred  from  the  dlsoiission» 
it  is  impossible  to  superheat  a  vapor  or  gas  as  long 
as  it  is  in  contact  with  the  liquid  from  ^ch  it  is  being 
generated. 

^^A  notftble  exception  is  the  deaerating  feed  tank, 
discussed  in  ohiqpter  13  of  this  text.  Deaerating  feed 
tanks  are  basically  described  as  direct-contaj^  heat 
exchangers,  rather  than  surface  heat  exohang^,  be- 
cause heat  transfer  is  aooomplished  by  the  actual 
mixing  of  the  hotter  and  the  oolder  fluids. 


are  of  the  shell-and-tube  types,  consisting  of  a 
bundle  of  metal  tubes  that  fit  inside  a  shell. 
One  fluid  flows  through  the  inside  of  the  tubes 
and  the  other  flows  through  the  shell,  around 
the  outside  of  the  tubes. 

The  exchanges  of  thermal  energy  that  take 
place  in  even  a  simple  heat  exchanger  are  really 
quite  complex.  The  processes  of  conduction, 
radiation,  and  convection  are  involved  inpracti- 
qally  all  heat  exchangers.  Processes  involving 
latent  heat— that  is,  the  processes  of  evapora- 
tion, condensation,  melting,  and  solidification— 
may  contribute  to  the  heat  transfer  problem*  In 
all  cases,  heat  transfer  is  affected  by  physical 
properties  of  the  fluids  which  are  exchanging 
thermal  energy  and  by  physicalpropertiesof  the 
metal  through  which  the  change  is  being  ef- 
fected. The  temperature  differences  involved, 
the  extent  and  nature  of  the  fluid  fUms,  the 
thickness  and  nature  of  the  metals  through  which 
heat  transfer  takes  place,  the  length  and  area 
of  the  path  of  heat  flow,  the  types  of  surfaces 
involv/^d,  the  velocity  of  flow,  and  other  factors 
also  determine  the  amount  of  heat  transferred 
in  any  heat  exchanger. 

Because  heat  transfer  is  such  a  ccxnplex 
phenomenon,  heat  transfer  calculations  are  nec- 
essarily complex.  For  some  purposes,  heat 
transfer  problems  are  simplified  by  the  use  of 
an  overall  coefficient  of  heat  transfer  (U)  which 
may  be  determined  esqperimentally  for  any 
specific  set  of  conditions.  Tabulated  values  of 
JJ  are  available  for  various  kinds  of  heat  ex- 
changer metal  tubes,  for  building  materials,  and 
for  other  materials;  in  most  cases  the  values  of 
JL  are  approximate,  since  various  conditions 
such  as  temperature,  velocity  of  flow,  condition 
of  the  heat  transfer  surfaces,  and  the  physical 
properties  of  the  fluids  have  a  profound  effect 
tipon  the  amount  of  heat  transferred. 

The  transfer  of  heat  in  a  heat  exchanger 
involves  the  flow  of  heat  from  the  hot  fluid  to 
the  tube  metal  and  from  the  tube  metal  to  the 
cold  fluii.  In  addition,  heat  must  also  be  trans- 
ferred through  two  layers  of  fluid  (one  on  l^e 
inside  and  one  on  the  outside  of  the  tube)  which 
are  not  flowing  with  the  remainder  of  the  fluid 
but  are  almost  motionless.  These  relatively 
stagnant  layers,  known  as  boundary  layers  or 
fluid  films,  are  extremely  small  in  size  but 
have  an  extremely  important  effect  on  heat 
transfer. 

As  previously  noted,  most  fluids  are  very 
poor  transferrers  of  heat.  As  a  fluid  is  flowing, 
however,  convection  and  mechanical  mixing  of 
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Figure  8-2.-Relatlonflhlp  between  sensible  heat  and  latent  heat  for  water  at  atmospheric  pressure. 


the  fluid  bring  the  molecules  Into  such  Intimate 
contact  that  heat  transfer  can  and  does  occur. 
Other  things  being  eqiial,  Increasing  the  velocity 
of  fluid  flow  Increases  heat  transfer.^^ 

Since  the  fluid  film  is  almost  motionless, 
heat  transfer  through  the  film  Is  very  poor.  The 
effect  of  fluid  films  on  heat  transfer  Is  shown  In 
figure  8-3.  The  temperature  line  Indicates  the 
changes  In  temperature  that  occur  as  heat  Is 
transferred  from  the  hot  fluid  to  the  fluid  fUm, 


^^It  is  important  here  to  maintain  the  distinotion, 
previously  established,  between  heat  and  ton^er^ure. 
Inoreasing  the  velocity  of  flow  Inoreases  ttie  amount 
of  heat  that  is  transferred,  but  deoreaslngthevelooity 
Inoreases  the  temperature  of  the  fluid*  This  fact  is  of 
considerable  praotioal  importance  in  the  design  and 
operation  of  heat  exchangers..  In  a  heat  ^changer 
designed  for  high  velooity  flow,  stagnation  ox  the  flow 
is  likely  to  cause  severe  overheating  of  the  heat  ex- 
ohanger  metal. 


from  this  fluid  fUm  to  the  tiibe  metal,  from  the 
tube  metal  to  the  other  fluid  f Um,  and  from  this 
fluid  film  to  the  cold  fluid.  As  may  be  seeji,  the 
majw  part  of  the  temperature  drop  occurs  in  the 
fluid  f  Ums  rather  than  In  the  tube  metal.  Note, 
also,  that  the  thicker  fluldfllm  Is  more  resistant 
to  heat  transfer  than  the  thinner  fluldfllm. 

The  velocity  of  flow  and  the  amount  of  tur- 
bulence In  the  flow  affect  heat  transfer  by  alter- 
ing the  thickness  of  the  fluldfllm.  Increaaingthe 
velocity  of  flow  diminishes  the  thickness  of  the 
fluid  film  and  thus  increases  heat  transfer. 
Turbulent  flow  toeaks  vp  the  fluid  film  and  thus 
Increases  heat  transfer.  Although  there  are  some 
obvious  disadvantages  to  excessive  turbulence, 
many  heat  exchangers  are  designed  to  opei  ute 
with  a  certain  amount  of  turbulence  so  that  the 
fluid  f  Ums  will  be  kept  to  a  minimum. 

In  real  heat  exchan^rs,  the  accumulation  of 
deposits  of  scale,  soot,  or  diirt  on  the  inside  or 
the  outside  of  the  tubes  has  a  profound  and 
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Figure  8-3.^Effect  of  fluidfUm  on  heat  transfer « 


detrimental  effect  upon  heat  transfer.  Such  de- 
posits not  only  reduce  the  efficiency  of  the  heat 
exchanger  but  also  tend  to  cause  overheating  of 
the  tube  metal. 

In  surface  heat  exchangers,  the  components 
may  be  arranged  so  as  to  provide  parallel  flow, 
counter  flow,  or  cross  flow  of  the  two  fluids.  In 
parallel  flow  (fig.  8-4)  both  fluids  flow  in  the 


same  direction.  Parallel-flow  heat  exchangers 
are  rarely  used  for  naval  service,  largely  be- 
cause they  would  require  an  impossibly  long 
heat  transfer  surface  to  achieve  the  required 
amount  of  heat  transfer.  In  counter  flow  (fig. 
8-5)  the  two  fluids  flow  in  opposite  directions. 
Many  heat  exchangers  used  aboard  ship  are  of 
the  counter-flow  type.  In  cross  flow  (fig.  8-6) 
one  fluid  flows  at  right  angles  to  the  other.  Cross 
flow  is  used  particularly  where  the  purpose  of 
the  heat  exchanger  is  to  remove  latent  heat  and 
thus  change  the  physical  state  of  a  substance. 
Main  and  auxiliary  condensers  are  typically  of 
the  cross-flow  type,  as  ar^  several  other  small- 
er shipboard  condensers. 

Surface  heat  exchangers  are  referred  to  as 
single-pass  units,  if  each  fluid  passes  the  other 
only  once,  or  as  multipass  units,  if  one  fluid 
passes  the  other  more  than  once.  Multipass  flow 
may  be  obtained  by  the  arrangement  of  the  tubes 
and  of  the  fluid  inlets  and  outlets,  or  it  may  be 
obtained  by  using  baffles  to  guide  a  fluid  so  that 
it  passes  the  other  fluid  more  than  once  before 
it  leaves  the  heat  exchanger. 

THE  FIRST  LAW  OF  THERMODYNAMICS 

In  the  previous  discussion  of  energy,  we  have 
occasionally  assumed  a  general  principle  which 
must  now  be  stated.  This  principle  is  called  the 
principle  of  the  conservation  of  energy.  The 
principle  may  be  stated  in  several  ways.  Most 
commonly,  perhaps,  it  is  stated  as  energy  can 
be  neither  destroyed  nor  created,  but  only 
transformed.  Another  statement  is  that  enerjgy 
may  be  transformed  from  one  form  to  another. 
but  the  total  energy  of  any  body  or  system  of 
bodies  is  a  quantity  that  can  neither  be  increased 
nor  diminished  by  the  action  of  the  body  or  bod- 
ies. Still  another  way  of  stating  this  principle  is 
by  saying  that  the  total  quantity  of  energy  in  the 
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Figure  8-4.— Parallel  flow  in  beat  exchanger. 


-eecoNO  FUM>* 

fMT  FUM)- 


-SeCONO  FLMO  ' 


98.31 
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of  ,?l!f,^,'**f°®***t''  a  system  composed 
of  relatively  large  bodies  is  called  mecSiicaJ 


A  though  aU  forms  of  e.'..fgy  maybestorwa"!  poten- 
tial energy  or  as  kinetic  eaergy.  Uieseteru  a  r;  tor  in 
cominon  usage,  to  mechaal^'p^Kl"^^^ 
^l^klnetio  eTSr^n^^^r*,^^^^^ 
energy  (thermal,  ohemioal,  etc.)  iii  specified. 
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universe  is  always  the  same.  Regardless  of  the 
mode  of  expression,  the  pririciple^Se  coSer 
vation  Of  energy  applies  to  aU  kindfof  ene?S 
Energy  equations  for  many  thermodynamic 

oU"c.^rcrr°^aLTe?^^^^^^ 

energy  in  ■  energy  out 

or,  in  more  detaU,  it  may  be  stated  that  the 
energy  entering  a  system  equals  Uie  Ser« 
mf«S^  the  system  ^  any  JcSL^atio!  Sd 
minus  any  dimunitionta  the  amount  of  eneSv 
stored  within  the  system.  °*  energy 

The  first  law  of  thermodynamics,  a  soecial 

of  err'll^V'l  ^''""''^'^  of'X^colufe^tiS 
mJZi^i  ^""^^  "^"h  transformation  ot 
mechanical  energy  to  thermal  energy  aJd  2 

awTcomSrr?!?'''^  energy^^h^ftrsl 
InLi!  commonly  stated  as  follows:  Thermal 
energy  and  mechanical  enpr^  are  mutual 
cwivertihle.  in  the  ratio  rt  tiW  ^^^^  .  » 


ener^  ^ ^tSrSTnL^^r^C 
gech^ical  equival  ent  of  hog,  or  J^e^ 
lent.  It  is  symbolized  by  the  litter  J  and,  fil 


irSSpK'a^^'niS^^^^^  and  the 

According  to  ff^t^ofSSv**^^ 

must  be  oonaiderAri^^Ji  however,  they 

prlnclpfe^Woh  rtatM  °'  « 

Interchanffeabla  -trtfif  V*!* . and  anarfyy  ^ 

matter  into  enerBTEvL  .niL  * 

combustion.  modS;  teokS^iu^/*""'*'  P~~"  <>' 

led  to  the  maoovJ^  t*S^?^°'"?"'^"®nt'»ve 

•natter  Is  oTvSS^li^  6ne^  r"^***  °' 
0.00007  ounce  of  mSter?«,  ^n^i "S*;  «»»«>P'e.  about 

predictable  fashion;        '""ot'o"*  in  an  orderly  and 
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Figure  8.6.-Cross  flow  in  heat  exchige^. 


or 


J  «  778  ft-lb  per  Btu 
778  ft-lb 


n«  ^  mechanical  equivale.it  of  heat  provides 

Sefi  ShL^  ^'th  a  number  o1 

useiui  numerical  values  relating  to  heat  worir 

^ e  XT  h?"""  Jk**"^  ""^^^  "^ei'vS 
are  given  here;  others  may  be  obtained  from 

engineering  handbooks  and  ^mUarSiTcatS 
1  Btu  s  778  ft-lb 
1  hps  33,000  ft-lb  permin- 

550  ft-lb  per  sec 
1  kw  ■  1.341 1^ 
1  hp  s  2545  Btu  per  hr  s 

42.42  Btu  per  min 
1  kw  s  3413  Btu  per  hr 

Ikw- 44,256  ft-lb  per  min 
1  hp-hr  ■  2545  Btu 
1  kw-hr  ■  3413  Btu 

wriSSii?juJS:;,2,sir~^«  ^« 

where 

■  iJi^y^  °^  *  '^stem  at  the  be- 

ginning of  a  process 

-  Internal  energy  of  the  systematthe  end 
of  the  process  ' 

Q  =  net  heat  flowing  into  the  system  during 
the  process  * 

^  '  proces?  ^''^  system  during  the 
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Another  common  statement  of  the  first  law 
of  thermodynamics  is  that  a  perpetual  motion 
machine  of  the  first  class  is  impossible.  To 
imderstand  the  significance  of  this  statement,  it 
is  necessary  to  understand  the  classification  of 
perpetual  motion  machines.  Although  no  per- 
petual motion  machine  exists^or,  indeed,  has 
ever  been  constructed— it  is  possible  to  conceive 
of  three  different  categories.  Aperpetual  motion 
machine  of  the  first  class  is  one  which  would  put 
out  more  energy  in  the  form  of  work  than  it  ab- 
sorbed in  the  form  of  heat.  Since  isucha  machine 
would  actually  create  energy,  it  would  violate 
the  first  law  of  thermodynamics  and  the  principle 
of  the  conservationof  energy.  Aperpetual  motion 
machine  of  the  second  class  would  permit  the 
reversal  of  irreversible  processes  and  would 
thus  violate  the  second  law  of  thermodynamics, 
as  discussed  presently.  A  machine  of  the  third 
class  would  be  one  in  which  absolutely  no  fric- 
tion existed.  Interestingly  enough,  there  are  no 
theoretical  grounds  for  declaring  that  a  machine 
of  the  third  class  is  completely  impossible;  how- 
ever, such  a  machine  would  be  entirely  contrary 
to  our  experience  and  would  violate  some  of  our 
prafoundest  convictions  about  the  nature  of 
energy  and  matter. 


THERMODYNAMIC  SYSTEMS 

A  thermodynamic  system  may  be  defined  as 
a  bounded  region  which  contains  matter.  The 
boundaries  may  be  fixed  or  they  may  vary  in 
fiiiape,  form,  and  location.  The  matter  within  a 
system  may  be  matter  in  any  form— solid, 
liquid,  or  gas— or  in  some  combination  of  forms. 
For  some  purposes,  devices  such  as  eiigities, 
pumps,  boilers,  and  so  fortt  may  be  regarded 
as  being  matter  included  wUhtn  a  thermodynamic 
system;  for  other  purposes,  each  such  device 
may  be  considered  as  a  system  in  itself.  A 
thei^modynamic  system  may  be  entirely  real, 
entirely  imaginary,  or  a  mixtiire  of  real  and 
imaginary.  A  thermodynamic  system  may  be 
capable  of  exchanging  energy,  in  the  form  of 
heat  and/or  work,  with  its  environs;  or  it  may 
be  an  isolated  system,  in  which  case  no  heat  can 
flow  to  or  from  the  system  and  no  woxk  can  be 
done  on  or  by  the  system. 

If  a  thermodynamic  system  appears  to  be  a 
flexible  thing,  consider  thnftirther  statement  that 
"...  a  system  may  be  said  to  be  whatever  one 
is  talking  about,  and  its  environs  are  everything 


else."^^  Such  flexibility  of  definition  is  entirely 
reasonable  for  most  purposes.  When  we  must 
account  for  energy,  however,  we  will  find  it 
necessary  to  rigidly  define  and  limit  the  sys- 
tem or  systems  under  consideration.  It  is  in 
terms  of  energy  accounting,  then,  that  the  con- 
cept of  a  thermodynamic  system  is  most  useful. 

A  thermodynamic  system  requires  a  work- 
ing substance  to  receive,  store,  transport,  and 
deliver  energy.  In  most  systems,  the  working 
substance  is  a, fluid— liquid,  vapor,  or  gas.l^ 
The  state  of  a  thermodynamic  system  is  speci- 
fied by  giving  the  values  of  two  or  more  prop- 
erties. These  properties,  which  are  called  state 
variables  or  thermodynamic  coordinates,  in- 
clude  such  conmion  properties  as  pressure, 
temperature,  volume,  and  mass,  as  well  as 
more  complex  properties  such  as  enthalpy  and 
entropy  (discussed  later).  Although  some  sys- 
tems are  adequately  described  by  givingthe  value 
of  only  two  variables,  many  systems  require  the 
specification  of  three  or  more  variables. 

THERMODYNAMIC  PROCESSES 

A  thermodynamic  process  may  be  defined  as 
any  physical  occurrence  during  which  an  effect 
is  produced  by  the  transformation  or  redistri- 
bution of  energy.  The  occurrence  of  a  thermo- 
dynamic process  is  evidenced  by  changes  in  some 
or  all  of  the  state  variables  of  the  system.  1  he 
processes  of  most  interest  in  engineering  are 
those  involving  heat  and  work. 

In  connection  with  any  process,  it  is  usually 
necessary  to  consider  the  physical  character  of 
the  process;  the  manner  in  which  energy  is 
transformed  or  redistributed  as  the  process 
takes  place;  the  kind  and  amount  of  energy  that 
is  stored  in  the  system  before  and  after  the 
process,  and  the  location  of  such  energy;  and  the 
changes  which  are  brought  about  in  the  system 


13Kiefer:  Kinney,  and  Stuart.  Principles  of  Engineer- 
ing Thermodynamics,  2nd  ed,,  John  Wiley  &  Sons,  New 
Vork,  1$S4  <p.  32). 

^^Some  writers  use  the  term  gas  to  indicate  a  gaseous 
substance  that  can  be  liqueneS*  only  by  very  large 
changes  in  pressure  or  temperaturet  reserving  the 
term  vapor  for  a  gaseous  substance  that  can  be  liqui- 
fied more  easily,  by  slight  changes  of  pressure  or 
temperature.  Other  writers  define  a  viq)or  as  a  jgas 
which  is  in  eonUlibrium  with  ito  liquid.  For  a  great 
many  purposes,  the  properties  of  a  vapor  are  essen- 
tially the  same  as  the  properties  of  real  gases;  hence 
the  distinction  is  not  always  important. 
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as  the  result  of  the  process.  It  is  also  necessary 
to  consider  the  energy  exchanges  that  occur 
between  the  system  and  its  surroundings  during 
the  process,  since  such  energy  exchanges  will 
have  an  effect  on  the  final  state  of  the  system. 

The  lifting  of  an  object-as,  for  example,  the 
lifting  of  a  rock  from  the  base  of  a  cliff  to  the 
top  of  the  clifl--is  a  simple  example  of  a  process 
involving  work  against  gravity.  Before  the  proc- 
ess begins,  the  energy  which  will  be  requiredto 
lift  the  rock  is  stored  in  some  form  in  some  other 
energy  system.  WhUe  the  process  is  occurring, 
energy  in  the  form  of  work  flows  from  the  ex- 
ternal system  to  the  earth-rock  system.  At  the 
end  of  the  process,  the  energy  is  stored  in  the 
earth-rock  system  in  the  form  of  mechanical 
potential  energy.  The  change  which  has  been 
brought  about  by  this  process  is  manifested  by 
the  separation  of  the  rock  and  the  earth. 

Now  suppose  we  push  the  rock  off  the  top  of 
the  cliff  and  allow  it  to  fall  freely  toward  the 
base  of  the  cliff.  Disregarding  the  push  (which 
is  actually  an  input  of  energy  from  some  external 
system),  the  process  which  now  takes  jflace  is  an 
example  of  work  done  by  g^ravity.  The  Work  done 
by  gravity  converts  the  mechanical  potential 
energy  of  the  system  into  mechanical  kinetic 
energy.  Thus  it  is  clear  that  energy  in  transi- 
tion—work, in  this  case— begins  and  ends  as 
stored  energy. 

When  the  rock  hits  the  earth,  other  processes 
occur.  Some  work  will  be  e^qpended  in  compress- 
ing the  earth  upon  which  the  rock  falls,  and  some 
energy  will  then  be  stored  as  internal  kinetic 
energy  in  the  rock  and  in  the  earth.  The  increase 
in  internal  kinetic  energy  will  be  manifested  by 
a  rise  In  the  temperature  of  the  rock  and  of  the 
earth,  and  still  another  process  will  then  take 
place  as  heat  flows  from  the  rock  and  from  the 
earth.  Some  energy  may  also  be  stored  as  in- 
ternal potential/energy  because  of  molecular 
displacements  in  the  rock  alnd  the  earth. 

The  compression  of  a  spring  provides  an 
example  of  a  proqess  involving  elastic  defor- 
mation. As  force  is  applied  to  compress  the 
spring,  work  is  done.  The  major  effect  of  the 
energy  thus  supplied  as  work  is  to  decrease  the  ' 
distance  between  Ri,olecules  in  the  springy  thus 
increasing  the  amount  of  internal  potential 
eniElrgy  stored  in  the  spring,  it  wie  suddenly 
reljBasie  the^^^s^^ 
energy  is  fiuiddetUy  released 
away; ..y ■  ; -a'^'':^^^^^^^^  ' 

The  jAurntt         shaft-rks/ f pr^ 
prc^eUer  isliaft      shipr-piis-smothe^  of 


a  process  involving  elastic  deformation.  Suppose 
that  a  strong  twisting  force  is  applied  to  a  shaft 
at  rest.  The  first  part  of  this  process  will  cause 
an  elastic  deformation  of  the  shaft.  The  distance 
between  molecules  in  the  shaft  is  changed,  and 
there  is  a  storage  of  internal  potential  energy 
before  the  shaft  begins  to  turn.  When  the  applied 
force  becomes  great  enough  to  turn  the  shaft, 
there  will  also  be  a  storage  of  mechanical  kinetic 
energy.  As  long  as  the  applied  force  remains 
constant  and  the  shaft  continues  to  turn,  these 
stored  forms  of  energy  will  remain  stored  in 
unchanging  amount.  Meanwhile,  a  great  deal  of 
mechanical  energy  in  transition  (work)  wUl 
continuously  flow  through  the  shaft  to  some 
other  system. 

When  a  solid  body  is  dragged  across  a  rough 
horizontal  surface,  the  process  is  one  of  work 
^inst  friction.  The  work  done  in  moving  the 
object  will  be  equal  to  the  force  required  to 
overcome  the  friction  multiplied  by  the  distance 
tlurough  which  the  object  is  moved.  In  this  proc- 
ess, the  energy  supplied  as  work  is  transformed 
very  largely  into  internal  kinetic  energy,  as  evi- 
denced by  an  hicrease  in  temperature.  Some  of 
the  energy  may  be  transformed  into  internal 
potential  energy  because  of  molecular  displace- 
ments in  the  object  andln  the  surface  over  which 
it  is  being  moved. 

A  propeller  rotating  in  water  is  an  example 
of  a  process  in  which  work  causes  fluid  turbu- 
lence. The  first  effect  of  the  movement  of  ttie 
propeller  is  to  impart  various  motions  to  the 
water,  thus  causing  turbidence.  For  a  short 
time  this  movement  of  the  water  represents 
mechanical  kinetic  energy,  but  the  energy  is 
rapidly  transformed  into  internal  kinetic  energy, 
as  evidenced  by  a  rise  in  the  temperature  of  the 
water. 

The  addition  of  thermal  energy  to  a  piece  of 
metal  is  a  simple  example  of  a  process  involv- 
ing heat.  As  the  metal  is  heated,  the  temperature 
rises,  indicating- a  storage  within  the  metal  of 
internal  kinetic  energy.  Also,  the  metal  expands; 
thus  we  know  that  somepart^of  the  energy  de- 
livered as  heat  is  transfcn^med  into  work  as  the 
metal  eapiands  against  the  resistance  of  its  sur- 
roundings.^ we  continue  heatin^^he  metal  to  its 
melting  point,  we  will  note  a  process  in  which 
the  flow  of  heat  results  in  achange  in  the  physi- 
cal state  of  the  substance  but  does  not,  at  this 
point^v-^esultvln  a  Airther  rise  in  tenq[>6rature. 
14  Because  of  tlie  enprnious^  number  and  variety 
of  processes  tlutt  nu^y  occur,  some  b^  clas- 
sifiqatipn  of  prpc^ 
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desirable.  We  wUl  consider  first  a  classification 
of  processes  according  to  the  type  of  flow  and 
then  consider  a  classification  according  to  the 
type  of  state  change.  Discussion  of  processes  as 
^'reversible"  or  'irreversible"  isreservedfor 
a  later  section. 

Type  of  Flow 

When  classified  according  to  type  of  flow  of 
the  working  fluid,  thermodynamic  processes  may 
be  considered  under  the  general  headings  of  (1) 
non-flow  processes,  and  (2)  steady-flow  proc- 
esses. 

A  non-flow  process  is  one  in  which  the  work- 
ing fluid  does  not  flow  into  or  out  of  its  container 
in  the  course  of  the  process.  The  same  molecules 
of  the  working  fluid  that  were  present  at  the  be- 
ginning of  the  process  are  therefore  present  at 
^  the  end  otthe  process.  Non-flow  processes  occur 
'  in  reciprocating  steam  engines,  air  compres- 
sors, internal  combustion  engines,  and  other 
kinds  of  machinery.  Since  apiston-and-cylinder 
ax:rangement  is  typical  of  most  non-flow  proc- 
esses, let  us  examine  a  non-flow  process  such 
as  might  occur  in  the  cylinder  shown  In  figure 
8-7. 

Suppose  that  we  move  the  cylinder  from 
position  1  to  position  2,  thereby  compressing 
the  huid  contained  in  the  cylinder  above  the 
piston.  Suppose,  further,  that  we  imagine  this 
to  be  a  completely  ideal  process,  and  one  which 


® 


is  thus  entirely  without  friction.  The  aspects 
of  this  process  that  we  might  want  to  know  about 
are  (1)  the  heat,  added  or  removed  in  the  course 
of  the  process;  (2)  the  work  done  on  the  working 
fluid  or  by  the  working  Ouid;  and  (3)  the  net 
change  in  the  internal  energy  of  the  working 
substance. 

From  the  general  energy  equation,  we  know 
that  energy  in  must  equal  energy  out.  For  the 
non-flow  process,  the  generjal  energy  equation 
may  be  written  as 


Btu 


where 


Ql2  '  total  heat  transferred,  in  Btu  (positive  if. 
heat  is  added  during  process,  negative  if 
heat  is  removed  during  process) 

Ui  =  total  internal  energy,  in  Btu,  at  state  1 

U2  »  total  internal  energy,  in  Btu,  at  state  2 

Ua  —  U<    net  change  in  internal  energy  from 
^      ^    state  1  to  state  2 


Wk 


12  =  work  done  between  state  1  and  state  2, 
in  ft-lb  (positive  if  work  is  done  by  the 
working  substance,  negative  if  work  is 
done  on  the  working  substance) 


J  s  the  mechanical  equivalent  of  heat,  778  ft-lb 
per  Btu 


total  work  done  by  or  on  the  working 
substance,  in  Btu  (poisitive  if  work  is 
done  by  the  substance,  negative  if 
work  is  done  on  th^  substance) 


This  equation  deals  with  total  heat,  total 
work,  ind  total .  internal  energy.  If  it  is  more 
convenient  to  make  calculations^  In  terms  of  1 
pound^  of  the  working  substance;  '  we  would  write 
the  e<iuatidn  8^^^^^^^^' 


wk 
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noted  above  but  refer  to  the  values  for  1  pound 
Of  the  working  substance  rather  than  to  the 
values  for  the  total  quantity  of  the  working  sub- 
stance.  In  both  equations,  it  should  be  noted 
that  the  subscripts  1  and  2  refer  to  a  separation 
In  time  rather  than  to  a  separation  in  space. 

EXAMPLE:   Four  pounds  of  working  sub- 
stance are  compressed  In  the  cylinder  shown 

l!!fhl!^fK  '8  accomplished 

without  the  addition  or  removal  of  any  heat  but 
y««  increase  in  total  internal  energy  of 

120  Btu.  Find  the  work  done  on  or  by  the  work- 
ing  substance,  in  Btu  per  pound  and  in  foot- 
pounds  per  pound. 

♦K-  ^O^f^^ON:  First  arrange  the  equation  to  fit 
the  problem,  as  follows: 

wkj2 

—  =(u2-»i)+qi2 

since  no  heat  Is  added  or  removed,  qi,  -  0. 
Since  U2  -  Uj,  or  the  net  Increase  In  to&L  in- 
ternal  energy,  is  equal  to  120  Btu,Tuid  since  we 
are  dealing  with  4  pounds  of  the  working  sub- 
120 

stance,  ug  -Uj  =  —  =  30  Btu  per  pound. 

The  work  done  on  or  by  the  working  sub- 
stance,  in  Btu  per  pound,  is  given  by  the  ex- 

presslon-^    .  Thus, 


12 


J—  =  (  —  30)  +  0  Btu  per  lb 
<■  -  30  Btu  per  lb 


.  ^  negative.  Indicating  that  the 

work  Is  done  on  the  working  substance  rather 
than  by  the  working  substance.  ' 

To  find  the  work  done  on  the  working  sub- 
stance in  foot-pounds  per  pound,  we  merely 

so^etheeqaation|or  wkjg  rathei^than  for 
and  substitute.  Thus,.  1 


12 


Again,  the  negative  answer  indicates  that 
work  is  done  on  the  working  substance  rather 
than  by  the  working  substance. 

A  steady-flow  process  is  one  in  which  a 
working  substance  flows  steadUy  and  uniformly 
Uirough  some  device.  Boilers,  turbines,  con- 
densers, centrifugal  pumps,  blowers,  and  many 
other  actual  machines  are  designed  for  steady- 
flow  processes.  In  anldealsteady-flowprocess. 
the  foUowlng  conditions  exist: 

1.  The  properties-pressure,  temperature, 
specific  volume,  etc.-of  the  working  fluid  re^ 
main  constant  at  any  particular  cross  section 
to  the  flow  system,  although  the  properties  ob- 
viously must  change  as  the  fluid  proceeds  from 
section  to  section. 

2.  The  average  velocity  of  the  working  fluid 
remains  constant  at  any  selected  cross  section 
In  the  flow  system,  although  it  may  change  as 
the  fluid  proceeds  from  section  to  section. 

system  is  always  completely  flUed 
y  ;«'orklng  fluid,  and  the  total  weight  of 
the  fluid  in  the  system  remains  constant.  Thus 
for  each  pound  of  working  fluid  that  enters  the 
system  during  a  given  period  of  time,  there  is 
a  discharge  of  1  pound  of  fluid  during  the  same 
period  of  time. 

4.  The  net  rate  of  heat  transfer  and  the  work 
coMtS^**  °"  °'  ^       working  fluid  remain 

actual  machinery  designed  for  steady-flow 
processes,  some  of  these  conditions  are  not 
entirely  satisfied  at  certain  times.  For  example 
a  steady-flow  machine  such  as  a  boiler  or  a 
turbine  is  not  actually  going  through  a  steady- 
flow  process  untu  the  warming-up  period  is 
over  and  the  machine  has  setfled  down  tosteady 
q?eratlon.  For  most  practical  purposes,  minor 
fluctuations  of  properties  and  velocities  caused 
by  load  variations  do  not  Invalidate  the  use  of 
steady.flow  concepts.  In  fact,  even  suchpiston- 
and-cyllnder  devices  as  air  compressors  and 
reciprocating  steam  engines  may  be  considered 
as  steady-flow  machines  If  there  are  enough 
cylinders  or  If  soihe  other  arrangement  is  used 
to  smooth  out  the  flow  so  that  it  is  essentially 
uniform  at  the  Inlet  and  the  ouUet.  - 
•    The  equations  for  st6ady-flow  processes  are ! 
•^^fi"  on  tte.  general  energy  equatlon-^that  Ig. ' 
energr  In  must  equal  energy  out.  Steady-flow 
equations  .;are  Wltten  to  various  ways;  depend- 

,"*v^^  ^?  ^o'nw     energy  that  are  Involved 
m  toesproceM 
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processes  are  (1)  internal  energy,  (2)  heat,  (3) 
mechanical  potential  energy,  (4)  mechanical 
kinetic  energy,  (5)  work,  and  (6)  flow  work. 

The  first  five  of  these  energy  terms  are 
familiar,  but  the  last  one  may  be  new.  Flow 
work,  sometimes  called  displacement  energy,  is 
the  mechanical  energy  necessary  to  maintain 
the  steady  flow  ofa  stream  of  fluid.  The  nimieri- 
cal  value  of  flow  work  may  be  calculated  by 
finding  the  product  of  the  absolute  pressure  (in 
pounds  per  square  feet)  and  the  volume  of  the 
fluid  (in  cubic  feet).  Thus, 

flow  work  =  pV  ft-lb 

or,  more  conveniently,  using  specific  volume 
rather  than  total  volume, 

flow  work  =  pv  ft-lb  per  Jb 

The  product  will,  of  course,  have  a  nu- 
merical value  even  when  there  is  no  flow  of 
fluid.  However,  this  value  represents  flow  work 
only  when  there  is  a  steady,  continuous  flow  of 
fluid.  Flow  work  may  also  be  expressed  in 
terms  of  Btu  per  pound,  as 

flow  work  =  ^  Btu  per  lb 

As  menti(xied  before,  the  steady-flow  equa- 
tions take  various  forms,  depending  upon  the 
nature  of  the  process  under  consideration.  How- 
ever, the  terms  for  internal  energy  and  flow 
work  almost  invariably  appear  in  any  steady- 
flow  process.  For  convenience,  this  combination 
of  internal  energy  and  flow  work  has  been 
given  a  name,  a  S3rmbol,  and  units  of  measure- 
ment. The  name  is  enthalpy  (accent  on  second 
syllable).  The  symbol  is  H  for  total  enthalpy 
or  h  for  specific  enthalpy-that  is,  enthalpy  per 
pound.  Total  enthalpy,  H,  may  be  measured  in 
Btu  or  in  foot-pounds,  ^cific  enthalpy  (en- 
thalpy per  pound),  h,  may  be  measured  in  Btu 
per  pound  or  in  foot-pounds  per  pound.  The 
>■:  enthalpy  equation  may  be  wr  itten  as 

-  H  =^+Btu 

'^wher^'.v 

^  • "  ■■/  y,-*.'  ■  - 

;  .  H  f /total  ent^ 
IT;?;  tc^  Bhi 
■  ^  •  p  «  isi^ioluteipriMfi^ 


V  e  total  volume,  in  cubic  feet 
J  »  the  mechanical  equivalent  of  heat,  778 
f t-lb  per  Btu 

Since  it  is  frequently  more  convenient  in 
thermodynamics  to  make  calculations  in  terms 
of  1  pound  of  the  working  substance,  we  should 
note  also  the  equation  for  specific  enthalpy: 

h  -  u  -f       Btu  per  lb 

here  h^  and  v  are  specific  enthalpy,  specific 
internal  energy7and  specific  volume,  respec- 
tively. When  it  is  desired  to  calculate  enthalpy 
in  foot-pounds,  rather  than  in  Btu,  it  is  only 
necessary  to  drop  the    from  the  equations. 

The  terms  heat  content  and  total  heat  are 
sometimes  used  to  describe  this  property  which 
we  have  designated  as  enthalpy.  However,  the 
terms  heat  content  and  total  heat  tend  to  be  mis- 
leading because  the  change  in  enthalpy  of  a  work- 
ing fluid  does  not  always  measiure  the  amount  of 
energy  transferred  as  heat,  nor  is  it  necessarily 
caused  by  the  transfer  of  energy  in  the  form  of 
heat.  Also,  the  transferred  energy  that  causes 
a  change  in  enthalpy  is  not  entirely ''contained'' 
in  the  working  fluid,  as  the  terms  heat  content 
and  total  heat  tend  to  imply;  although  the  internal 
energy,  u,  is  stored  in  the  working  fluid,  the  pv. 
cannot  in  any  way  be  considered  as  "contained'' 
in  the  fluid. 

Type  of  State  Change 

Thus  f ^  we  have  considered  processes  class- 
ified as  non-flow  or  steady-flow.  The  nature  of 
the  state  changes  undergone  by  a  working  fluid 
provides  us  with  another  useful  way  of  classify- 
ing processes.  The  terms  used  to  identify  cer- 
tain common  types  of  state  changes  are  defined 
briefly  in  the  following  paragraphs. 

ISOBARIC  STATE  CHANGES.-An  isobaric 
state  change  is  one  in  which  the  pressure  of  and 
on  the  working  fluid  is  constant  throughout  the 
change.  In  other  wordSj  an  isobaric  change  is  a 
constant^pressure  change;  Isobaric  changes  oc- 
cur in  somepiston-and-cylihder  dteyte 
the  piston  operates  i^  such  afashiohiis  to  main- 
tain at  constant  presst^ 
are  n6t;^i     bi  ta^  s^ 
ijvi:fti^^  sieady-flow 
inrbcc^M^^^  shaft  work  are  of 

ihsignificah^  V  /  •  V 


T 


PRINCIPLES  OF  NAVAL  ENGINEERING 


An  isobar  ic  state  change  Involves  clumges  of 
enthalpy.  One  equation  which  has  frequent  appli- 
cation to  isobarlc  state  changes  Is  written  as 

(<ll2)p  =  *'2-*'l 

where 

(a,  J  s  heat  transferred  between  state  1  and 
^12'p   gtj^tg  2,  with  subscript  p  Indicating 
J      constant  pressure 

hj  s  enthalpy  of  worktag  fluid  at  state  1 

hj  •  enthalpy  of  working  fluid  at  state  2 

ISOMETRIC  STATE  CHANGES. -A  state 
change  Is  said  to  be  Isometric  when  the  volume 
(and  the  specific  volume)  of  the  worktag  fluid  Is 
malntataed  constant.  ^  other  words,  an  Isomet- 
ric change  Is  a  constant-volume  change.  Isomet- 
ric chaies  involve  changes  in  Internal  energy, 
in  accordance  with  the  equation 


ADIABATIC  STATE  CHANGES.-Anadlabatlc 
state  change  Is  one  which  occurs  ta  such  a  way 
tiSt  there  Is  no  transfer  of  heat  to  or  from  the 
system  whUe  the  process  Is  occurrtag.  Inmany 
reS  processes,  adlabatlc  changes  are  produced 
performing  the  process  rapidly.  Since  heat 
SaMfer  Is  relatively  slow,  a?y  ^P^Jy  P?f; 
tormed  process  can  approach  betag  af  f tatlc. 
compression  and  eiqpanslonof  worktagfluldsare 
fre«5entty  achieved  adlabatlcally.     jn  adla- 
totlc  process,  the  energy  equation  may  be  written 
as 


<lv*"2-"l 


where 


U2-Ui  =  W 


where 


„  -  heat  transferred,  with  subscript  v 
^  '  Indicating  constant  volume 

U|  s  specific  internal  energy  of  worktag 
"  substance  at  state  1 

u,  -  specific  internal  energy  of  worktag 
2  '  substance  at  state  2 

ISCyrHERMAL  STATE  CHANGES.-An  Iso- 
thermal change  is  one  ta  which  the  temperature 
S  the  working  fluid  remains  constant  throughout 

the  change. 

ISENTHALPIC  STATE  CHANGES.-When  the 
enthalpy  of  the  working  fluid  does  not  change 
durlcg  the  process,  thechange  Is  wldtoto^^ 
thalplc.  Throttllngprocesses  arebaslcally  Isen- 

th^plc— tluitls/hj  s  h^^^^^^^  .  V 

ISENTROPIC  OTAtE  CHANGES.-Aii Jsen- 
t^lc  stateivcMgeas  Pi^e^^ 
ci^.  in  the  property  knorn  f  SStrefiZ- 
sScwce^flt  en^*opy;^«^ 


U.  s  Internal  energy  of  worktag  fluid  at 
^    state  1 

U,  .  tatemal  energy  of  worktag  fluid  at 
^    state  2 

W  =  work  performed  on  or  by  the  work- 
ing fluid 

In  woi-ds,  we  may  say  that  the  net  change  of 
internal  energy  is  equal  to  the  work  j«rf^med 
in  an  adlabatlc  process.  The  work  term  may  be 
Stter  ^tlve  or  negative,  depending  upmi 
wheUier  work  Is  done  on  the  worktag  substance, 
as  ta  compression,  or  by  the  worktag  substance, 
as  ta  e:q;>anslon. 

THERMODYNAMIC  CYCLES 

A  thermodynamic  cycle  Is  a  recur  ring  series 
of  thermodynamic  processes  through  which  an 
effect  18  produced  by  the  transformation  or  re- 
Strlbutton  of  energy.  I*»  o«»er  words,  a  cycle 
IB  a  series  of  processes  repeated  over  and  over 
aeata  in  the  same  order.  _,„«j 
All  thermodynamic  cycles  may  be  classified 
as  being  open  cycles  or  closed  cycles.  An  open 
Sdell  Se  in  which  the  worklng^fluld  Is  taken 
ta,  ied,  and  then  discarded.  A  closed  cyde  Is 
OTe  in  4lch  the  worktag  fluid  never  leaves  he 
cyde,  except  through  accidental  leakage;  in- 
stead the  working  fluid  undergoes  a  series  of 
wM-eases  which  are  of  such  a  nature  that  the 
nuS^SStJSS^P^^^^^^^  Its  Initial  state 

"^ftndi  is  then  uijed  ajgaln.;^  ;  >..,^^  .  .  a  « 
v!^TO^h  <qrcl/m^  *y%in  ernal 

,  <^ibiiitton^%iglhe^ 
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the  exhaust  products  are  returned  to  the  atmos- 
phere. In  fact,  another  way  to  describe  an  open 
cycle  is  to  say  that  it  is  one  which  includes  the 
atmosphere  at  some  point. 

The  closed  cycle  is  exemplified  by  the  con- 
densing steam  power  plant  used  for  ship  pro- 
pulsion on  many  naval  ships.  In  such  a  cycle,  the 
working  substance  (water)  is  changed  to  steam  in 
the  boilers.  The  steam  performs  work  as  It  ex- 
pands through  the  turbines y  and  is  then  condensed 
to  water  again  in  the  condenser.  The  water  is 
returned  to  the  boilers  as  boiler  feed,  and  is 
thus  used  over  and  over  again. 

Thermodynamic  cycles  are  also  classified 
as  heated-engine  cycles  or  as  unheated-engine 
cycles,  depending  upon  the  point  in  the  cycle  at 
which  heat  is  added  tothe  working substance.^^ 
In  a  heated-engine  cycle,  heat  is  added  to  the 
working  substance  in  the  engine  itself.  An  in- 
ternal combustion  engine  has  a  heated-eng^e 
cycle.  In  an  unheated-engine  cycle,  the  working 
substance  receives  heat  in  some  device  which 
is  separate  from  the  engine.  The  condensing 
steam  power  plant  has  an  unheated-engine  cycle, 
since  the  working  substance  is  heated  separately 
in  the  boilers  andthenpiped  to  the  engines  (steam 
turbines). 

There  are  five  basic  elements  in  any  thermo- 
dynamic cycle:  (1)  the  working  substance,  (2)  the 
engine,  (3)  a  heat  source,  or  high-temperature 
rej^ion,  (4)  a  heat  receiver,  or  low-temperature 
region,  and  (5)  a  pump. 

The  working  substance  is  the  medium  by 
which  energy  is  carried  through  the  cycle.  The 
engine  is  the  device  which  converts  the  thermal 
energy  of  the  working  substance  into  useful  me- 
chanical energy  in  the  form  of  work.  The  heat 
source  supplies  heat  to  the  working  substance. 
The  heat  receiver  absorbs  heat  firom  the  working 
substance.  The  punqp  moves  the  working  sub- 
stance from  the  low  pressure  side  of  the  cycle 
to  th6  high  pressure  side. 

The  essential  elements  of  a  closed,  unheated- 
engine  cycle  are  shown  in  figure  8-8^  This  is 
the  basic  plan  of  the  typical  condensing  steam 
power  plaii. 


^The  terms  heated  engine  and  unheated  engine  should 
.  not  be  confused  with  the  term  heat  enjgine.  Any  ma*; 
chine  wjtdch  is  designed  to  convert  theraial  energy  to 
mechanical  energy  in  the  form  of^rk  isjknipwn  as  a . 
heiii  engine.  Thus,  both  intiernal  oothburap^^^ 
arid  steam  turbines  eu^  heat  encrfnes;  bqt  the  first  has 
a  hbai;ed^nfi^ne  6i^^  se^oofid  hfU|  uiuheated-^ 

engihe-'Oycle.;'  ■  *   '  -vV .-■     v  •  '  ^--i^'--''-'. 
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Figure  8-8.— Essential  elements  of  closed, 
unheated-engine  cycle. 

In  an  open,  heated- engine  cycle  such  as  that 
of  an  internal  combusticxi  engine,  the  essential 
elements  are  all  present  but  are  arranged  in  a 
somewhat  different  order.  In  this  type  of  cycle, 
atmospheric  air  and  fuel  are  both  drawn  into  the 
cylinder  of  the  engine.  Combustion  takes  place 
in  the  cylinder,  either  by  compression  or  by 
spark>  and  the  resulting  internal  energy  cf  the 
working  substance  is  transformed  into  work  by 
which  the  piston  is  moved.  Since  the  space  above 
the  pistcxi  isahighpressureareawhenthe  piston 
is  near  the  top  of  its  stroke  and  a  low  pressure 
area  when  the  piston  is  near  the  bottom,  the 
piston  may  be  thought  of  as  a  pump  in  the  sense 
that,  it  ''piunps*'  the  working  fluid  from  the  low 
pressure  to  the  highpressuire  side  of  the  system. 
Thus,  in  terms  of  function,  the  piston-and- 
cyllnder  arrangement  may  be  ihought  of  as  in- 
cluding the  heat  source,  the  engine,  and  thepimip. 
Ah  open,  heated-engine  cycle  might  therefore  be 
represented  as  shown  In  figure  8-9.  ^ 

THE  CONCEPT  OF  REVERSIBILITY 

When  we  put  a  pan  of  wati^r  on  the  stove  and 
turn  on  the  heat,  we  e^ect  ttie  water  to  boll 
rather  than  to  freeze.  Aften  we  have  mixed  hot 
and  cold  water,  we  dp  hdk  e^ct  the  resulting 
mixture  Ito  iresolve  itseU  two  separate 
Unlatches  of  wsder  at>two,dl^^  temperatures. 
\l^en  we^^'  the  -  yalve  on  a  cylinder  of  com- 
pressed air,  we  esqpect  air  tip  rush 
out^  w^d^be^^^ 
alr  ivrushed  hin^ 
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(LOW  PRESSURE  OR 
HIGH  PRESSURE  SIDE 
OF  THE  CYaE, 
DEPENDING  UPON 
POSITION  OF  PtSTON 
IN  THE  CYLINDER) 


HEAT  RECEIVER 
(ATMOSPHERE) 


HEAT  SOURCE 
(COMPRESSION  OR  SPARK) 
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Figure  8-9.~E8sential  elements  of  open, 
heated-eugine  cycle. 

itself.  When  a  shaft  is  rotating,  we  esqpect  a  tem- 
perature rise  in  the  bearings;  when  the  shaft  has 
been  stopped,  we  would  be  truly  amazed  to  ob- 
serve internal  energy  from  the  bearings  flowing 
to  the  shaft  and  causing  it  to  start  rotating  again. 
When  we  drag  a  block  of  wood  across  a  rough 
surface,  we  escpect  some  of  the  mechanical  energy 
esipended  in  this  act  to  be  converted  into  thermal 
energy-that  is,  we  expect  a  storage  of  internal 
energy  in  the  wooden  block  and  the  roughsurface, 
as  evidenced  by  temperature  rises  in  these  ma- 
terials. But  if  this  stored  internal  energy  should 
suddenly  turn  to  and  move  the  wooden  block  back 
to  its  original  position,  our  incredulity  would 
know  no  bounds. 

All  of  which  merely  goes  TO  show  that  we  have 
certain  e^qpectations^  based  on  e^qperience,  as  to 
the  direction  in  which  processes  will  move.  The 
reasonableness  of  our  expectations  is  attested  by 
the  fact  that  in  all  recorded  history  there  is  no 
report  of  water  freezing  instead  of  boiling  when 
heat  is  applied;  there  is  noreportofa  lukewarm 
f^uid  immixing  itself  and  separating  into  hot  and 
cold  fluids;  there  is  no  report  of  a  gas  compress- 
ing itself  without  the  agency  of  some  external 
force;  there  is!  no  report  of  the  heat^of  friction 
being  spontanecmsly  util^ized to  pei^ora  mechan- 
ical work. 

Are  these  actions  really  inqpossiUe?  The 
first  law  of  thermodynamics  says  thai  mechanical 


energy  and  thermal  energy  are  mutually  con- 
vertible, but  it  says  nothing  about  the  direction 
of  such  conversions.  If  we  consider  only  the  first 
law,  all  the  improbable  actions  just  mentioned 
are  perfectly  possible  and  all  processes  could  be 
thought  of  as  being  reversible.  In  an  absolute 
sense,  perhaps,  we  cannot  guarantee  that  water 
will  never  freeze  instead  of  boil  when  it  is  placed 
on  a  hot  stove;  but  we  are  certainly  safe  in  saying 
that  this  or  any  other  completely  reversible 
thermodynamic  process  is  at  the  outer  limits  of 
probability.  For  all  practical  purposes,  then, 
we  will  say  that  there  is  no  such  thing  as  a  com- 
pletely reversible  process. 

Nevertheless,  the  concept  of  reversibility  is 
extremely  useful  in  evaluating  real  thermody- 
namic processes.  At  this  point,  therefore,  let  us 
define  a  reversible  thermodynamic  process  as 
one  which  would  have  the  following  characteris- 
tics: (1)  the  process  could  be  made  to  occur  in 
precisely  reverse  order,  so  that  the  energy  sys- 
tem and  all  associated  systems  would  be  re- 
turned from  their  final  condition  to  the  conditions 
that  existed  before  the  process  started;  and  (2) 
all  energy  that  was  transformed  or  redistributed 
during  the  process  would  be  returned  from  its 
final  to  its  original  form,  amount,  and  location. 

THE  SECOND  LAW  OF  THERMODYNAMICS 

Since  the  first  law  of  thermodynamics  does 
not  deal  with  the  direction  of  thermodynamic 
processes,  and  since  e^erience  indicates  that 
actual  processes  are  not  reversible,  it  is  ap- 
parent that  the  first  law  must  be  supplemented  by 
some  statement  of  principle  that  will  limit  the 
direction  of  thermodynamic  processes.  The 
second  law  of  thermodynamics  is  such  a  state- 
ment. Although  the  second  law  is  perhaps  more 
empirical  than  the  first  law,  and  perhaps  some- 
thing less  of  a  '*law''  in  an  absolute  sense,  it  is 
of  enormous  practical  value  in  the  study  of 
thermodsndamics,  1 6 

The  second  law  of  thermodynamics  may  be 
stated  in  various  ways.  One  statement,  known  as 
the  Clausius  statement,  is  that  no  process  is 
possible  where  the  sole  result  is  the  removal  of 
heat  from  a  low  temperature  reservoir  and  the 
absorption  of  an  equal  amount  of  heat  by  a  high 
temperature  reservoir.  Among  other  thingg.  this 


16. 


The  interested  student  will  find  ah  excellent  discus- 
sion of  the  second  law  of  thermodyhamios  in  Max 
Planok.  Treatise  on  ThermodynamiosV  Dover  Publi- 
cations, New  York,  1946.  (A,  Ogg,  trans.) : 


Chapter  S^INTRODUCTION  TO  THERMODYNAMICS 


statement  indicates  that  water  will  not  freeze 
when  heat  is  applied.  Note  that  the  Clausius 
statement  includes  and  goes  somewhat  beyond 
the  common  observation  that  heat  flows  only 
from  a  hotter  to  a  colder  substance. 

The  statement  that  no  process  is  possible 
where  the  sole  result  is  the  removal  of  heat 
from  a  single  reservoir  and  the  performance 
of  an  equivalent  amount  of  work  is  knovm  as  the 
Kelvin-Planck  statement  of  the  second  law. 
Among  other  things/ this  statement  says  that 
we  cannot  expect  the  heat  of  firiction  to  reverse 
itself  and  perform  mechanical  work.  More 
broadly,  this  statement  indicates  a  certain  one- 
sidedness  that  is  inherent  in  thermodsmamic 
processes.  Energy  in  the  form  of  work  can  be 
converted  entirely  to  energy  in  the  form  of  heat; 
but  energy  in  the  form  of  heat  can  never  be 
entirely  converted  to  energy  in  the  form  at 
work. 

A  very  important  inference  to  be  drawn 
firom  the  second  law  is  that  no  engine,  actual 
or  ideal,  can  convert  all  the  heat  supplied  to  it 
Into  work,  since  some  heat  must  always  be  re- 
jected to  a  receiver  which  is  at  a  lower  tem- 
perature than  the  source.  In  other  words,  there 
can  be  no  heat  flow  without  a  temperature  dif- 
ference and  there  can  be  no  conversion  to  work 
without  a  flow  of  heat.  A  Aurther  inference  firom 
this  inference  is  sometimes  given  as  a  statement 
of  the  second  law:  No  thermodimamic  cycle  can 
have  a  thermal  efficiency  of  100  percent. 

We  must  say,  then,  that  the  first  law  of 
thermodynamics  deals  with  the  conservation  of 
energy  and  with  the  mutual  convertibility  of 
heat  and  work,  while  the  second  law  limits  the 
direction  of  thermodjrnamic  processes  and  the 
extent  of  heat-to-work  energy  conversions. 


THE  CONCEPT  OF  ENTROPY 

The  concept  of  reversibility  and  the  second 
law  of  thermodynamics  are  closely  related  to 
the  concept  of  entropy*  In  fact,  the  second  law 
may  be  stated  as:  No  process  can  occur  in  which 
the'  totjii  eiitropy  of  an  "isb        system  de- 


creiases;  the  total  entropy  of  an  isolated  system 


call  thedretieaUy  1^  constart  in  some  re- 
vtosiMe  (ideal)  processes; but  in  all  irreyersibii 


(real)  processes  the  total  entrqpy-^  an-  isolateti 


systgm  mustr  increaseT 

Fitmi:;<w|iez:^statemm  Sjecbnd  tow/we 

laum  of  heat  to 

^iwkyW'depehdient  qpim  a  flow  of  heat  firom  a  hipi  ^ 


temperature  region  to  a  low  temperature  region. 
The  concept  of  the  unavailability  of  a  certain 
portion  of  the  energy  supplied  as  heat  to  any 
thermodynamic  system  is  clearly  implied  inthe 
second  law,  since  it  is  iqpparent  that  some  heat 
must  always  be  rejected  to  a  receiver  which  is 
at  a  lower  temperature  than  the  source,  if  there 
is  to  be  any  conversion  of  heat  to  work*  The 
heat  which  must  be  so  rejected  is  therefore 
unavailable  for  conversion  into  mechanical  work. 

Entropy  is  an  index  of  the  unavailability  of 
energy.  Since  heat  can  never  be  completely  con- 
verted into  work,  we  may  think  ot  entropy  as  a 
measure  or  an  indication  of  how  much  heat 
must  be  rejected  to  a  low  temperature  receiver 
if  we  are  to  utilize  the  rest  of  the  heat  for  the 
production  of  useful  work.  We  may  also  think  of 
entropy  as  an  index  or  measure  of  the  reversi- 
bility of  a  process.  All  real  processes  are 
irreversible  to  some  degree,  and  all  real  proc- 
esses involve  a  '^growth''  or  increase  of  en- 
tropy. Irreversibility  and  entropy  are  closely 
related;  any  process  in  which  entropy  has  in- 
creased is  an  irreversiUe  process. 

The  entropy  of  an  isolated  system  is  at  its 
maximum  value  when  the  system  is  in  a  state 
of  equilibrium.  The  concept  cS  an  absolute 
minimum— that  is,  an  absolute  zero— value  of 
entropy  is  sometimes  referred  to  as  the  third- 
law  of  thermodynamics  (or  Nernst's  law).  This 
principle  states  that  the  absolute  zero  of  en- 
tropy would  occur  at  the  abs<flute  zero  of  tem- 
perature for  any  pure  material  inthe  crystalline 
state.  By  extension,  therefore,  it  should  be 
possiUe  to  assign  absolute  values  tothe  entropy 
of  pure  materials,  if  such  absolute  values  were 
needed.  For  most  purposes,  however,  we  are 
interested  in  knowing  thie  values  of  the  changes 
in  entropy  rather  than  the  absolute  values  of 
entropy.  Hence  an  arbitrary  zero  point  for 
entropy  has  been  established  at  32^  F. 

Entropy  changes  depend  upon  the  amount  of 
heat  transferred  to  or  from  the  working  fluid, 
upon  the  absolute  temperature  of  the  heat  source, 
and  upon  the  absolute  temperature  of  the  heat 
receiver.  Althougt^  actual  entropy  calculations 
are  complex  beyond  the  scope  of  thiis  t^,  one 
equatiCHi  is  given  here  to  indicate  the  units  in 
which  entropy  is  measured  and  to  give  the 
relationship ;  between  eiitrppy  and  heat  and  tem- 
perature. Npte  that  this  equation  applies  only  to 
a  reversitdfe  isothermal. process  in  which  T^  = 


where 

Si  =  total  entropy  of  working  fluid  at  state 

1,  In  Btu  per"  R 

=  total  entropy  of  working  fluldat  state 

2,  In  Btu  per'R 

Q  =  heat  supplied,  in  Btu 

T  s  absolute  temperature  at  wWchproc- 
ess  takes  place,  In"  R 

svst^m  ™fif  1°*^  ^"^'^y  °'  «"  isolated 

system  must  always  Increase  doee  not  mean  that 
the  entrqpy  of  all  parts  of  the  system  must  al- 
ways increase.  In  many  real  processes,  we  find 
Increases  hi  entropy  m  some  parts  of  a  system 
and,  at  the  same  time,  decreases  In  entropy  In 
oUier  parts  of  the  system.  But  the  Important 
thing  to  note  is  that  the  hicreases  Inentriy  we 

Slf^f  i*'^*®'  decreases;  therrfore, 

the  total  entropy  of  an  Isolated  system  must  al- 
ways Increase.  ' ' " 

..„•,? entropy  is  permanent.  In  a 
universal  sense,  entropy  can  be  created  but  It 
can  never  be  destroyed  or  gotten  rid  of,  although 
It  may  be  transferred  from  one  system  to  an- 
other. Every  natural  process  that  occurs  hi  the 
universe  hicreases  the  total  entropy  of  the  unl- 
Ifw*®'  ^  Increase  hi  entropy  is  Ivrever- 
sible.  The  concept  of  the  universe  eventually 
Running  down"  might  be  expressed  In  teralS 
entropy  by  saying  that  jthe  entropy  of  the  uhl- 

"Z?  S/Iil^Sy  "buUdlngup."  The  so-called 
♦iTf}*.^  universe"  Is  envisioned  as 

the  ultimate  result  of  all  possible  natural  proc- 
esses havtag  taken  place  and  the  universe  being 
to  total  equUlbrlum,  with  entropy  at  the  absolute 
maximum.  Such  a  statement  need  not  imply  a 
total  lack  of  energy  remahihig  In  the  universe; 

Jl^?  V^*  ^ould  be 

completely  unavaUable  andtherefore  completely 

THE  CARNOT  PRINCIPLE 

AccordUig  to  the  second  law  of  thermo- 
dynamlcs,^no  thermodynamic  cycle  can  have  a 
ttermal  efficiency  of  100  percentlthat  Is,  nohea? 
aighie  can  convert  Into  workjOl  of  the  enercv 

«  tn^'^^"*'*^*"  heat.  The  JieSiS  nowSes 
°  ''««t  ««flt  te.rejec^^^ 

sSl^S?"  o?  1*^  *  tempeiturf  thah  tSe 
source?  Qr,  looktog  at  U  another  way,  what  Is 
the  maximum  thermal'  efficiency  ttait  ^d 


theoretically  be  achieved  by  a  heat  engine  oper- 
atlng  without  friction  and  without  any  other  <rf  the 
Irreversible  processes  that  must  occur  In  all 
real  machines? 

To  answer  this  question,  Carnot,  a  French 

S^Im'  ^^''^^^^^  imaginary  and  completely 
reversible  cycle.  In  the  Carnot  cycle,  all  heiU 
is  supplied  at  a  shigle  high  temperature  and  all 
heat  that  must  be  rejected  Isrejectedata  single 
tow  temperature.  The  cycle  Is  fully  reversible. 
When  proceeding  hi  one  dhrectlon,  the  Carnot 
cycle  takes  In  a  certain  amount  of  heat,  rejects 
a  certahi  amount  of  heat,  and  puts  out  a  certain 

T^LV'^'^  *8  reversed,  the 

quantity  <rf  work  that  was  originally  the  outwt 
of  the  cycle  Is  now  put  Into  the  cycle;  the  amoimt 
of  heat  that  was  originally  taken  In  Is  now  the 
amount  rejected;  and  the  amount  of  heatthatwas 

K"S?^  ^  taken  hi. 

W^en  thus  reversed,  the  cycle  Is  called  a  Carnot 
refrigeration  cycle.  >-~uui 

a„J?^^°*^}l'  "°  machine  is  capable  of 
such  complete  reverslbUlty,  but  the  concept  of 
the  Carnot  cycle  Is  nonetheless  an  extremely 
usefW  one.  By  analysis  of  the  Carnot  cycle.  It 
can  be  proved  that  no  engine,  actual  or  Ideal, 
can  l»  more  efficient  than  an  Ideal,  reversible 
S  °"  *®         reversible  Carnot 

cycle.  The  thermal  efficiency  of  the  Carnot  cycle 
Is  given  by  the  equation 

thermal  «»ff</»«^T-^..-Work  output_'''s  ~  "^r 
'   neat  input  T  


JSSh  hl^f  temperature  at 

^M  ^^r/^"^^  t°  the  working 

fluid  and  Tr  equals  the  absolute  temperature  at 
which  heat  is  rejected  to  the  recelverT 

The  Implications  of  this  statement  are  of 
K  since  It  establishes  the 

fjct  that  therm^  efficiency  depends  only  upon 
^rrfZ^^.^  difference  between  the  heat 
3^  „«f?  "*®J*®**  receiver.  Thermal  efficiency 
In?  ^      properties  of  the  work- 

tag^nuld,  the  type  of  enghie  used  In  the  cycle, 
or  the  nature  of  the  process-combustion  nu- 
dear  fission,  etc.-that  produces  the  heit  it  the 
S^l^?-^^!?^**'^'^**!*®*^  established 
by  aiMlysls  of  the  Carnot  cycle  Is  caUed  the 

The  yive  power  of  h^at  imn^eDendeiitVrfihp 
g^yrgyoved^toi^ 
fixed  solely  by  the  temiM»ri.fares?of  thp 'hnSTS? 


VPetweenv^  whlch  7the^^rflSii.fer.vofv  hi>at 


^occurs. 
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WORKING  SUBSTANCES 

As  previously  noted,  a  thermodynamic  sys- 
tem requires  a  working  substance  to  receive, 
store,  transport,  and  deliver  energy.  The  work- 
ing substance  is  almost  always  a  fluid  and  is 
therefore  frequently  referred  to  as  the  working 
fluid,  Water  (together  with  its  vapor,  steam)  is 
one  of  the  most  commonly  used  working  fluids, 
although  air,  ammonia,  carbon  dioxide,  and  a 
wide  variety  of  other  fluids  are  used  in  certain 
kinds  of  systems.  A  working  substance  may 
chattge  its  physical  state  during  the  course  of  a 
thermodynamic  cycle  or  it  may  remain  in  one 
state,  depending  upon  the  nature  of  the  cycle 
and  the  processes  involved. 

To  understand  the  behavior  of  working  fluids, 
we  should  have  some  understanding  of  the  laws 
of  perfect  gases,  of  the  relationships  between 
liquids  and  their  vapors,  and  of  the  ways  in 
which  the  properties  of  working  fluids  may  be 
represented  and  tabulated.  These  topics  are 
discussed  in  the  following  sections, 

,  Laws  of  Perfect  Gases 

I      The  relationships  of  the  volume,  the  absolute 
I  pressure,  and  the  absolute  temperature  in  the 
j  hypothetical  substances  known  as  "perfect 
1  gase9''  were  stated  by  the  physicists  Boyle  and 
i  Charles  in  the  form  of  various  gas  laws.  The 
I  laws  thus  established  may  be  combined  and 
!  summarized  in  the  geneial  statement:  For  a 
given  weiriit  of  any  gas>  the  product  of  the 
tf)solute  pressure  and  the  volume,  divided  by 
the  absolute  temperature,  is  a  constant.  Or,  in 
equation  form. 


T 


T2 


where 


p  ■  absolute  pressure 
V"  total  volume 
T  ■  absolute  temperature 
Rb  the  gas  constant 

Although  the  laws  of  perfect  gases  were 
developed  on  the  basils  of  e^riments  4il^e 
with  air  and  other  real  g^es,  later  ^q;>eriments 
showed  that'thesei^dat^^ 
cisiBly  fd^        gases  bv^r  the 
j^essii^ 


treated  as  perfect  gases  over  quite  a  wide  range 
of  pressures  and  temperatures  without  any  ap- 
preciable error  being  introduced.  Values  of  the 
gas  constant  for  some  conmion  gases  are: 

Air  53,3 

Qjcygen  48,3 

Nitrogen  55.0 

Hydrogen,   766,0 

Helium   386,6 

Liquids  and  Their  Vapors 

When  heat  is  transferred  to  a  liquid,  the 
average  velocity  of  the  molecules  is  increased 
and  the  amount  of  internal  kinetic  energy  stored 
in  the  liquid  is  increased.  As  the  average  veloc- 
ity of  the  molecules  increases,  some  molecules 
which  are  at  or  near  the  surface  of  the  liquid 
momentarily  achieve  unusually  high  velocities; 
and  some  of  these  escape  from  the  liquid  and 
enter  the  space  above,  where  they  exist  in  the 
vapor  state.  As  more  and  more  ofthemcflecules 
escape  and  come  into  the  vapor  state,  the  prob- 
ability increases  that  some  of  the  vapor  mole- 
cules will  niomentarily  have  unusually  low 
velocities;  these  molecules  will  be  captured  by 
the  liquid.  As  a  result  d  this  exchange  of 
molecules  between  the  liquid  and  the  vapor,  a 
condition  of  equilibrium  is  reached  and  an 
equilibrium  pressure  is  established.  The  equi- 
librium pressure  depends  upon  the  molecular 
structure  of  the  fluid  and  upon  its  tenqperature. 
For  any  given  fluid,  therefore,  there  is  a  definite 
relationship  between  the  temperature  and  the 
pressure  at  which  a  liquid  and  its  vapor  may 
exist  in  eqiiilibr^tmi  contact  \vith  each  other. 

As  long  as  the  vapor  is  in  contact  with  the 
liquid  from  which  it  is  being  generated,  the 
liquid  and  the  vapor  will  remain  at  the  same 
temperature.  If  the  liquid  and  the  vapor  are  in 
a  closed  container  (such  as  a  boiler  with  all 
steam  stop  valves  closed)  both  the  temperature 
and  the  pressure  of  the  liquid  and  its  vapor  will 
increase  as  heat  is  added,  U  the  vapor  is  per- 
mitted to  leav^the  steam  sp^  rate  equal  > 
to  the  ev^orie^lpn^^  will  be 

established  at  the  equilib^^  for  the 

particular  temperature. 

The  pr  essure  and  the  temperature  which  are 
reUted  in  the  ma^  known 
ias  the^  s^^  ajid  the  saturation 

teiroerature 
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and  for  any  specified  temperature  there  is  a 
corresponding  saturation  pressure. 

sure  HS^^^*  fK****'***.^  ''Peci'ied  pres- 

sure and  at  the  saturation  temperature  for  alt 

A  liquid  Which  is  at  any  temperature  belm^  it« 

liSLTSl*'"P"**^«'«  saidtirJSSlS 
igd.  For  example,  the  saturation  tei^^F? 

04  T  ds^S'SI???/"  atmospheric  ^resi^l 
2  212^F  15.  ^  ^  Therefore,  water 

at  ziz  F  and  under  atmospheric  pressure  is  said 

^rS-n^?*^*''*  Water  flU^ra  rtve? 

preJs^e'hJ T"? "'"^  atmoiJer" 
Enff^K.'        ^  amuchlowertempeiature- 
hence,  this  water  is  said  to  be  subcooled.  ' 
A  vapor  which  is  under  any  specified  ores- 

SLl^lrM*.'  tem,Sa5SrcS?S: 

™^  ^*°*^*P'«*'^e  is  saidtobe  a  satiSted 
mSE.  Thus,  water  at  14.7  psia  and  21^^ 
duces  a  vapor  known  as  saturated  ste«mi  i^ 
previously  noted,  it  is  impost  to  raiFe  tif 
temperature  of  a  vapor  above  the  temierafJe 

of  ite  li(p,id  M  long  as  the  two  are  TcSaS 
ff  the  vapor  is  drawn  off  into  a  separat?cSn ' 
talker,  however,  and  additional  hea?^^^ 

rai«H  T^'       tenwerature  of  the  ^  2 
raised.  A  vapor  which  has  been  raised  to 

rare  is  caUed  a  supeiteated  vaoor  mh  fh« 
vessel  or  container  tn*wfaich5e  g'atedSeSS 
is  superheated  is  tailed  a  superSater 

^^^^^  ^ 
?  general  principle  of  een. 

erattag  and  superheating  steaii  PraSicJufSl 
naval  propulsion  boUerl  have  sWheaSfSJ 
juperheating  the  saturated  steaS  SnerSL 
the  generating  sections  of  the  IwUePSrst^Jj 
£  SJ»  guperheated  stlT^':}..!?!.!!!.^ 

by  Which  the  temperature  of  a  superheated  vapor 


exceeds  the  temperature  of  a  saturated  vapor 
at  the  same  pressure  is  known  as  the  de  Je?3 
Sffierheat.  For  examine,  if  satuwteS  steSI^ 
pressure  of  600  psia  and  a  cor«s^nSa?i! 

788  F,  the  degree  of  superheat  is  300'F. 

at  whi'n h"?L*"''**""*'®         ^  a  critical  point 

i e  J«cti5   J*^"***""  °'  satGFStidlS 
are  exactly  the  same  as  the  prooerties  c*thl 
saturated  v^r.  For  water,  tteTrUicJl  l?„t 
Sd%1??o-?  f^V        (criUci  pr?s52e 
SicS^no J  S-""*^  temperature).  At  the 
inrtllSi     ^  u  J,  and  the  liquid  are 

tadistinguishable.  No  change  of  physiSd  sSe 
occurs  wh«i  the  pressure  irtacr?2ed  or 
^'"°°fl,  h«t  is  supplied;  the  vapor  c;Si5te 

tTvlJ^r^i^'^""'*  c^siot^^s 

liJ^*^*  ^®  *he  substance  is  ^or 

^JI^m  S'^  crltlcaS  temi 

to^^ter^ii?^"*'  «°^<*nolongerrrf^r 

tte  Zler  aJf  th«  T  '  tell 
uic  waier  and  the  steam  apart*  instMH 

substance  is  now  merely  cSted'a  'S''^ 

however,  some  boUers  of  this  typeTe  ufed?.; 
stationary  steam  power  plantfij  ^      ^^'^  *" 

Representation  of  Properties 

withta%''*Sf-"°L°'  *  at  any  point 

rsteSisL?K^°l?'^*''  '^y'^^  °^  system  Ts 
!f  H?i  .  .•'L*'^  properties  of  the  substance 
tate-LT***?'  properties  that  are  S^iS 
iJ?s^e  te'S^L?,'!"^  thermodynamics  hSi£ 
temperature,  volume,  enthalpy,  en- 
tropy,  and  taternal  energy.  These  ^^'rtSS 
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GENERATINO 

FURMACE 
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PROPERTIES  OF  SATURATED  STEAM 


ABS. 
PRESS. 
(PSIA) 

P 

TEMP.**F 
/ 

SPECIFIC  VOLUME 

ENTHALPY 

ENTROPY 

INTERNAL  ENERGY 

SAT. 
LIQUID 

7 

SAT. 
VAPOR 

V 

8 

SAT. 
LIQUID 

'f 

EVAP. 

'k 

SAT. 
VAPOR 
b 
8 

SAT. 
LIQUID 

EVAP. 

% 

SAT. 
VAPOR 

5 

8 

SAT. 
LIQUID 

"/ 

SAT. 
VAPOR 

If 
8 

190 

377.51 

0.01833 

2.404 

350.79 

846.8 

1197.6 

0.5381 

1.0116 

1.5497 

350.15 

1113.1 

300 

381.79 

0.01839 

2  288 

355.36 

843.0 

1198.4 

0.5435 

1.0018 

1.5453 

354.68 

11117 

250 

400.95 

0.01865 

1.8438 

376.00 

825.1 

1201.1 

0.5675, 

0.9588 

1.5263 

375.14 

1115.8 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

Figure  8-11.— Excerpts  from  Keenan  and  Keyes  steam  tables. 
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have  been  discussed  at  some  length  in  this 
chapter  and  ih  the  chapter  dealing  with  prin- 
ciplef  of  measurement;  at  this  point  we  are 
concerned,  less  with  the  properties  themselves 
than  with  the  way  in  which  they  are  tabulated 
and  the  way  in  which  they  are  represented 
graphically. 

STEAM  TABLES.— In  the  region  near  a 
change  of  physical  state,  the  behavior  of  agase- 
ous  substance  becomes  too  complex  for  the 
relatively  simple  energy  calculations  that  apply 
to  perfect  gases  and  to  many  real  gaaes  over  a 
wide  range  of  pressures  and  temperatures. 
Because  of  the  conqplicated  equations  needed 
to  describe  the  properties  of  vapors,  engineers 
customarily  depend  upon  tables  of  vapor  prop- 
erties for  information  concerning  the  properties 
of  liquids  and  their  vapors.  The  vapor  tables 
that  are  perhaps  most  commonly  used  are  those  • 
which  give  the  thermlodynamic  properties  of 
steam.  The  most  authoritative  tables  of  thermo- 
dynamic properties  of  steam  are  those  prepared 
by  Keenan  and  Keyes  under  tiie  title  of  Thermo- 
dynamic Properties  of  ^eyn,^'^  Figure  8-11  is  . 
excerpted  from  Table  m  of  the  Keenan  lindKeyes 
steam  tables;  it  is  included  here  chiefly  toshow 
the  general  surrangement  of  information  inthese 
tiables,  rather  than  to  provide  any  significant 
amount  of  data  cbnci^rninig  the  thermodynamic 
properties  of  saturated  steami. 


Josei^  H.  Keeinan  and  Fr^derickG.  keves,  Thermo*  t 
dynainib  P^^ 

&  So^^  table!  m^  ure  n 

prlnta^  '  ' 


The  information  given  in  each  column  of  the 
Keenan  and  Keyes  table  for  the  properties  of 
saturated  steam  is  described  briefly  below.  Note 
that  the  subscriptXis  commonly  used  to  denote 
properties  of  the  saturated  liquid,  to  denote 
properties  of  the  saturated  vapor  ,  and  Jg^to  de- 
note property  changes  between  the  two  states. 

Column  1  gives  the  saturation  presswe  of 
the  saturated  water  and  the  saturated  steam  at 
the  temperature  given  in  column  2.  Note  that  the 
pressure  is  abs61ute  pressure,  not  gage  pres- 
sure. 

Column  2  gives  the  saturation  temperature 
for  the  pressure  shown  in  colunm  1.  This  tem- 
perature  is  what  is  commonly  referred  to  as 
''the  boiling  point''  of  the  liquid  at  the  pressure 
shown  in  column  1.  In  the  steam  tables,  the 
temperature  is  usually  given  in  degrees  Fahren- 
heit rather  than  in  degrees  of  an  absolute 
temperature  scale.  However,  the  absolute  tem-? 
perature  can  always  be  obtained  by  simple  com- 
putation if  it  should  be  needed. 

Column  3  gives  the  specific  volume  of  the 
saturated  liquid  (water)  at  the  pressure  shown  in 
column  1  and  the  temperature  shown  in  colunm 
2.  I^cific  volume  is  e3q[>ressed  in  cubic  feet  per 
pound.    ;  - 

Column  4  gives  the  specific^  volume  of  the 
saturated  vi^por  (steam)  at/the  pressure  and 
tempierature  shown. 

It  slu>uld  be  noted  that  liome  portions  of  the 
KeiBinan ,  and  Keyes  steajixi :  t^lesi  have  another 
colimui[f(^^  ^e  In^^        iii  specific  yoiiune 
ocirua^  This  column  is  la- 

bdliB^ 
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Column  S  gives  the  enthalpy  per  pound  ofthe 
saturated  liquid  at  the  pressure  and  temperature 
shown.  The  enthalpy  of  saturated  water  at  32*F 
and  the  corresponding  saturation  pressure  of 
0.08854  psis  is  taken  as  zero;  hence,  all  enthalpy 
figures  Indicate  enthalpy  with  respect  to  this 
arbitrarily  assigned  zero  point.  For  example, 
the  enthalpy  of  1  pound  of  saturated  water  at  190 
psia  and  377,  SrF  is  350.79  Btu  more  than  the 
enthalpy  of  1  pound  of  saturated  water  at  0.08854 
psla  and  32''F. 

Column  6  gives  the  enthalpy  of  evaporation, 
per  pound  of  working  fluld*-that  is,  the  change  in 
enthalpy  that  occurs  during  evaporation.  This 
column  Is  of  particular  significance  since  it  In- 
dicates the  Btii  per  pound  that  must  be  supplied 
to  change  the  saturated  liquid  (water)  to  the 
saturated  vapor  (steam)  at  the  pressure  and 
temperature  shown.  In  other,  words,  the  enthalpy 
of  evaporation  is  what  we  formerly  described 
as  the  latent  heat  of  vaporization. 

Column  7  gives  the  enthalpy  per  pound  ofthe 
saturated  vapor  at  the  pressure  and  temperature 
shown.  Note  that  this  is  the  sum  of  the  enthalpy  of 
the  saturated  liquid  and  the  enthalpy  of  evapora- 
tion* 

Column  8  gives  the  entropy  per  pound  of  jthe 
saturated  liquid  at  the  pressure  and  temperature 
shown.  The  zero  point  for  entropy,  like  the  zero 
potot  for  enthalpy.  Is  arbitrarUy  established  at 
32  F  and  the  corresponding  saturation  pressure 
of  0.08854  psia. 

Column  9  gives  the  entropy  of  evaporation 
per  pound  of  worktag  fluid  at  the  indicated  pres- 
sure and  temperature.  In  other  words,  this 
column  shows  the  change  of  entropy  that  occurs 
during  evaporation. 

Column  10  gives  the  entropy  pir  pound  of  the 
saturated  vapor  at  the  pressure  andteniperature 
shown.  Note  that  this  is  the  sum  of  the  entropy  of 
the  saturated  liquid  and  the  entrcq^yy  of  evapora- 
tion. 

Columns  11  and  12  giive  the  internal  energy 
of  the  saturated  liquid  and  the  internal  energy 
of  the  saturated  vapor;  respectively. :/ 

In  additlcm  to  giving  propeHles  df  the  s^ 
rate4  liquid  and  the  saturated  i^pbr/the  Keenan 
and  Keyesirteamt^ 
heated  vapor  iebd  iother  ^ 

a,woi«S^ 


The  relationships  among  pressure,  volume, 
and  temperature  of  a  perfect  gas  are  sometimes 
represented  by  a  three-dimensional  diagram  of 
the  type  shown  in  figure  8-12.  The  p-v-T  sur- 
face of  a  real  substance  may  also  be  represented 
in  this  way,  but  the  diagrams  become  much  more 
complex  because  the  relationships  among  the 
properties  are  more  complex.  A  simplified 
p-v-T  surface  for  water  is  shown  infigure  8-13. 


^^^^^ 


Figure  8-12.-Three-dimenslonal  representa- 
tion of  p-v-T  surface  for  perfect  gas. 
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The  significance  of  some  of  the  lines  on  this 
diagram  will  become  clearer  as  we  consider 
some  of  the  related  two-dimensional  diagrams. 

Three-dimensional  diagrams  are  extremely 
useful  in  giving  an  overall  picture  of  the  p-v-T 
relationships,  but  they  are  difficult  to  construct 
and  are  somewhat  difficult  to  use  for  detailed 
analysis.  Two-dimensional  graphs  are  fre- 
quently projected  from  the  three-dimensional 
p-v-T  surfaces.  Even  on  a  two-dimensional  dia- 
gram, a  great  many  relationships  of  properties 
can  be  indicated  means  of  contour  lines  or 
siq;>erimposed  curves. 

The  p-v  diagram  is  made  by  plotting  known 
values  of  pressure  (p)  along  the  ordinate  and 
values  dL  specific  volume  (v)  along  the  ab- 
scissa. To  illustrate  the  construction  of  a 
p-v  diagram,  let  us  consider  the  isothermal 
compression  of  1  pound  of  air  from  an  initial 
pressure  of  1000  pounds  per  sqiiare  foot  absolute 
to  a  final  pressure  of  6000  psfa.  Let  us  assume 
that  the  air  is  at  a  temperature  of  OO^'F,  or  SSO"" 
R.  Since  we  may  treat  air  as  a  perfect  gas  under 
these  conditicms  of  pressure  and  temperature,  we 
may  use  the  laws  of  perfect  gases  an^Uhe  equa- 
tion 


where 


pv  ■  RT 

p  =  absolute  pressure,  psfa 
V  =  specific  vcflume,  cu  ft  per  lb 
R  -  gas  constant  (53.3  for  air) 
T  «  absolute  temperature, 


Since  the  conqpression  is  isothermali  T  is 
constant  and  the  esqpression  RT  is  equal  to 
53.3  X  550,  or  29|315.  R  is  apparent  from  the 
equation  that  p  and  v  must  vary  Inversely— that 
iS|  as  p  goes  up,  /"goes  down.  Hence,  for  any 
given  value  of  p  we 'may  find  a  value  of  v  merely 
by  dividing  20,315  by  p.  Choosing  six  values  of 
p  and  computing  the  values  of  y,  we  obtain  the 
zbllowing  values: 


STATE  A: 
STATE  B: 
STATiB  C: 
STijkTE  D: 
StAi^E  Er 
STATE  P: 


p=  1000,  v» 20.3 
p«2000,  V  » 14.7 
p  ^'SOOO,  V  «"9.8 
p  =  4000,  V  a  7.3 
p  f  5000,  v  =  5.9 
p^'eobb,  v  =  4.9 


By  plotting  these  values  on  graph  paper,  we 
obtain  the  p-v  diagram  shown  in  figure  8-14. 
The  curve  applies  only  to  the  indicated  tenqpera- 
ture— that  is,  it  is  an  isothermal  curve.  The 
values  of  and  v^  may  be  calculated  for  the  same 
process  at  other  temperatures,  and  plotted  as 
before;  in  this  case  we  obtain  a  series  of  iso- 
thermal curves  (or  isotherms)  such  as  those 
shown  in  figure  8-15. 

A  p-v  diagram  for  water  and  steam  is  shown 
in  figure  8-16.  This  diagram— and,  in  fact,  most 
diagrams  for  real  substances  in  the  region  of  a 
state  change— is  not  drawn  to  scale  because  of  the 
very  great  difference  in  the  specific  volume  of 
the  liquid  and  the  specific  volume  of  the  vapor. 
Even  though  it  is  not  drawn  to  scale,  the  p-v 
diagram  serves  a  useftil  purpose  in  indicating 
the  general  configuration  of  the  saturated  liquid 
line  and  the  saturated  vapor  line.  These  lines, 
which  are  called  process  lines,  blend  smoothly 
at  the  critical  point.  The  shape  formed  by  the 
process  lines  is  characteristic  of  water  and  will 
be  observed  on  all  p-v  diagrams  of  this  sub- 
stance. 

A  two-dimensional  pressure-temperature 
(PrT)  diagram  of  the  type  shown  in  figure  8-17 
is  useful  because  it  indicates  the  way  in  which 
the  phase  of  a  substance  depends  upon  pressure 
and  temperature.  The  solid-liqiiid  curve,  for 
example,  indicates  the  effects  of  pressure  on 
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VOLUMI  (CVMC  PT  MR  LB) 

147.68 

Figm*e  8-15.«Group  of  isothermal  curves  on 
p-v  diagram. 

the  melting  (or  freezing)  point;  the  liquid- vapor 
curve  Indicates  the  effects  of  pressure  on  the 
boiling  point;  and  the  solid-vapor  indicates  the 
effects  of  pressure  on  the  sublimation  point. 
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Figure  8-16.— A  p-v  diagram  for  ^ter. 


TIMPIIUTUM  ^ 

147.70 

Figure  8-17.^Ap-T  diagram. 

The  intersection  of  these  three  equilibrium 
curves  shows  the  triple  point—that  is,  the  single 
pressure  and  temperature  at  which  all  three 
phases  can  coexist.  The  termination  of  the  liquid- 
vapor  equilibrium  curve  indicates  the  critical 
point->that  is,  the  point  at  which  the  liquid  and 
the  vapor  are  no  Icmger  distinguishable  because 
their  properties  are  identical. 

Other  two-dimensional  diagrams  that  find 
application  in  engineering  include  the  tempera- 
ture-entropy (T-s)  diagram;  the  enthalpy- 
entropy  (h-s)  diagram,  also  called  the  Mdllier 
diagram;  the  pressure-enthalpy  (p-h)  diagram; 
and  the  enthalpy- voli  jne  (h-v)  diagram.  Of  these, 
the  Mollier  diagram  is  probably  of  major  im- 
portance in  the  study  of  steam  engineering. 
Mollier  diagrams  are  included  in  many  steam 
tables  and  are  also  available  in  engineering 
handbooks  and  some  thermodsrnamics  texts. 

ENERGY  RELATIONSHIPS  IN  THE 
SHIPBOARD  PROPULSION  CYCLE 

At  the  beginning  of  this  cliapter  it  was  stated 
that  the  shipboard  engineering  plant  may  be 
thought  of  as  a  series  of  devices  and  arrange- 
ments for  the  exchange  and  transformation  of 
energy.  Iilany  of  these  transformations  and 
energy  exchanges  have  been  discussed  in  this 
chapter,  but  they  have  not  been  taken  \ip  in  se- 
quence.   Figure    8-18  illustrates   the  basic 


188 


192 


Chapter  8-INTRODUCTm  TO  THERMODYNAMICS 


WOMCDUJ:  THERMAL 
ENERGY  OP  STEAM 
CONVERTED  TO  MECHAN'.CAL 
ENERGY  IN  TURBINES 
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HEAT  IN:  CHEMICAL  ENERGY  OF 
FUEL  CONVERTED  TO  THERMAL  ENERGY 
IN  BOILER  FURNACE 


THERMAL  ENERGY  OF 
AUXILIARY  STEAM  . 

CONVERTED  TO 
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MECHANICAL  ENERGY 


THERMAL  ENERGY  DF 
AUXILIARY  EXHAUST  STEAM 
USED  HERE  TO  HEAT  AND 
DEAERATE  FEED  WATER 


Figure  8-18.--Energy  relationships  in  the  ^jasic  propulsion  cycle  of  conventional  steam-driven  ship. 


propulsion  cycle  of  a  conventional  steam-driven 
ship  with  geared  turbine  drive  and  shows  some 
of  the  major  energy  transformations  that  take 
place. 

The  first  energy  transformation  occurs  when 
fuel  oil  is  burned  in  the  boiler  fUrnace.  By  the 
process  of  conibustioni  the  chemical  energy 
stored  in  the  ftiel  oU  is  transformed  into  thermal 
energy.  Thermal  energy  flows  from  the  hot  com- 
bustion gases  to  the  water  in  the  boiler.  Whae 
the  boiler  stop  valves  are  still  dosed,  steam 
begins  to  form  in  the  boUer;  the  volume  of  the 
steam  remains  constant  but  the  pressure  akd 
temperature  increassi  indicating  a  storage  of 
internal  energy.  When  operating  pressure  is 
reached  and  the  steam  stop  valves  are  ppened. 


the  high  pressure  of  the  steam  causes  it  to  flow 
to  the  turbines.  The  pressure  of  the  steam  thus 
provides  the  potential  for  doing  work;  the  actual 
conversion  of  heat  to  work  takes  place  in  the 
turbines.  The  changes  in  internal  energy  be- 
tween the  boiler  and  the  condenser  (as  evidenced 
by  changes  inpre/9sure  andtemperature)  indicate 
that  heat  has  beeii  converted  to  work  in  the  tur- 
bines. The  work  output  of  the  turbines  turns  the 
shaft  and  so  drives  the  ship. 

Two  main  energy  transformations  are  in- 
volved In  converting  thermal  energy  to  work  in 
the  turbines.  First,  the  thermal  energy  of  the 
steam  is  transformed  into  mechanical  kinetic 
energy  as  the  steam  flows  through  one  or  more 
nozzles.  And  second,  the  mechanical  klne.Uc 
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energy  of  the  steam  is  transformed  into  work 
as  the  steam  impinges  uponthe  projecting  blades 
of  the  turbine  and  thus  causes  the  turbine  to 
turn.  The  turning  of  the  turbine  rotor  causes 
the  propeller  shaft  to  turn  also,  although  at  a 
slower  speedy  since  the  turbine  is  connected  to 
the  propeller  shaft  through  reduction  gears.  The 
steam  exhausts  from  the  turbine  to  the  con- 
denser,  where  it  gives  up  its  latent  heat  of  con- 
densation to  the  circulating  sea  water. 

For  the  remainder  of  this  cycle,  energy  is 
required  to  get  the  water  (condensate  and  feed 
water)  back  to  the  boiler  where  it  will  again  be 
heated  and  changed  into  steam.  The  energy  used 
for  this  purpose  is  generally  the  thermal  energy 
of  the  auxUiary  steam.  In  the  case  of  turbine- 
driven  feed  pumps,  the  conversion  of  thermal 
energy  to  mechanical  energy  occurs  in  the  same 
way  as  it  does  in  the  case  of  the  propulsion  tur- 
bines. In  the  case  of  motor-driven  pumps,  the 
energy  conversion  is  from  thermal  energy  to 
electrical  energy  (in  a  turbogenerator)  and  then 
from  electrical  energy  to  mechanical  energy 
(work)  in  the  pumps. 


ENERGY  BALANCES 

From  previous  discussion,  it  should  be 
appare^it  Jthat  putting  1  Btu  in  at  the  boiler 
furnace  does  not  mean  that  778  foot-pounds  of 
work  will  be  available  for  propelling  the  ship 
through  the  water.  Some  of  the  energy  put  in  at 
the  boiler  furnace  is  used  by  auxiliary  machin- 
ery such  as  pumps  and  forced  draft  blowers  to 
a\xpply  the  boiler  with  feed  water,  fuel  oil,  and 
combustion  air.  Distilling  plants,  turbogenera- 
tors, steering  gears,  steam  catapults,  heating 
systems,  galley  and  laundry  equipment,  and 
many  other  units  throughout  the  ship  use  energy 
derived  directly  or  indirectly  from  the  energy 
put  in  at  the  boiler  furnace. 

In  addition,  there  are  many  ^'energy losses'' 
throtighout  the  engineering  plant.  As  we  have 
seen,  energy  cannot  actually  be  lost.  But  when 
it  is  transformed  into  a  form  of  energy  which 
we  cannot  use,  we  say  there  has  been  an  energy 
loss.  Since  no  insulation  is  perfect,  some  thermal 


energy  is  always  lost  as  steam  travels  through 
piping.  Friction  losses  occur  in  all  machinery 
and  piping.  Some  heat  must  be  wasted  as  the 
combustion  gases  go  iq;>  the  stack.  Some  heat 
must  be  lost  at  the  condenser  as  the  steam  ex- 
hausted from  the  turbines  gives  up  heat  to  the 
circulating  sea  water.  We  cannot  expect  all 
of  the  heat  supplied  to  be  converted  into  work; 
even  in  the  most  efficient  possible  cycle,  we 
know  that  some  heat  must  always  be  rejected 
to  a  receiver  which  is  at  a  lower  temperature 
than  the  source.  Thus,  each  Btu  that  is  theoreti- 
cally put  in  at  the  boiler  furnace  must  be 
divided  up  a  good  many  ways  before  the  energy 
can  be  completely  accounted  for.  But  the  energy 
account  will  always  balance.  Energy  in  mustal- 
ways  equal  energy  out. 

Designers  of  engineering  equipment  use 
energy  balances  to  analyze  energy  exchanges 
and  to  compute  the  energy  requirements  for 
proposed  equipment  or  plants.  Operating  engi- 
neers use  energy  balances  to  evaluate  plant 
performance.  The  engineer  officer  of  a  naval 
ship  may  find  it  necessary  to  make  energy 
balances  in  order  to  find  out  whether  the  plant 
is  operating  at  designed  efficiency  or  whether 
defects  are  causing  unnecessarywaste  of  steam, 
fuel,  and  energy. 

An  energy  balance  for  an  entire  engineering 
plant  is  usually  mrr^e  up  in  the  form  of  a  flow 
diagram  similar  to  (but  more  detailed  than)  the 
one  shown  in  figure  8-18.  A  number  of  niunerical 
values  are  entered  on  the  flow  diagram,  the  most 
important  of  which  are  the  quantities  of  the 
working  fluid  flowing  per  hour  at  various  points 
and  the  thermodynamic  states  of  the  working 
fluid  at  va:  ious  points.  The  quantity  of  fluid 
flowing  per  hour  may  be  obtained  by  direct 
measurement  of  flow  trarough  flow  meters  or 
nozzles  or  by  calculation;  in  some  instances, 
it  is  necessary  to  estimate  steam  consumption 
of  pumps  and  other  units  on  the  basis  of  avail- 
able test  data.  Data  on  the  state  of  the  working 
fluid  is  obtained  from  pressiure  and  temperature 
readings.  Enthalpy  calculations  are  made  and 
noted  at  various  points  on  the  diagram.  The 
complete  energy  balance  includes  tabular  data 
as  well  as  the  data  shown  on  the  flow  diagram. 
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PART  lll-THE  CONVENTIONAL  STEAM  TURBINE 

PROPULSION  PLANT 


Chapter  9  Machinery  Arrangement  and  Plant  Layout 

Chapter  10  Propulsion  Boilers 

Chapter  11  Boiler  Fittings  and  Controls 

Chapter  12  Propulsion  Steam  Turbines 

Chapter  13  Condensers  and  Other  Heat  Exchangers 


This  part  of  the  text  deals  with  the  major  units  of  machinery  In  the 
conventional  steam  turbine  propulsion  plant-a  type  of  plant  which  Is  at 
present  widely  used  In  naval  ships.  For  the  most  part,  the  discussion  Is 
concerned  with  geared-turblne  drive;  but  some  of  the  Information  Is  also 
applicable  to  those  few  ships  with  turboelectrlc  drive.  The  term  ''con- 
ventional'' Is  used  here  to  Indicate  that  the  plants  under  discussion 
utilize  comrentlonal  boilers,  rather  than  nuclear  reactors,  as  the  source 
of  heat  for  the  generation  of  steam. 

Chapter  0  introduces  the  conventional  steam  turbine  propulsion  plant 
by  taWng  up  the  arrangement  of  propulsion  machinery  and  the  major 
engineering  piping  systems  found  aboard  conventional  steam-driven  ships. 
Chapters  10  and  11  deal  with  propulsion  boilers  and  their  fittings  and 
controls.  Chapter  12  describes  propulsion  steam  turbines.  Chapter  13 
discusses  the  condensers  and  other  heat  transfer  apparatus  used  In  the 
condensate  and  feed  system  of  the  conventional  steam  turbine  propulsion 
plant. 

As  may  be  noted,  the  sequence  of  presentation  follows  the  sequence 
of  the  thermodynamic  cycle.  The  boiler  Is  the  heat  source,  or  high- 
temperature  region;  the  turbine  Is  the  engine  In  which  the  thermal 
energy  of  the  steam  Is  converted  Into  m  ^cha^lcal  energy  which  drives 
the  ship;  and  the  condenser  Is  the  heat  receiver  to  which  some  heat 
must  always  be  rejected  In  order  to  allow  uie  conversion  of  heat  to  work. 
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CHAPTER  9 


MACHINERY  ARRANGEMENT  AND  PLANT  LAYOUT 


To  understand  a  shipboard  propulsion  plant. 
It  is  necessary  to  visualize  the  general  con- 
figuration of  the  plant  as  a  whole  and  to 
understand  the  physical  relationships  among  the 
various  units.  This  chapter  provides  general 
information  on  the  distribution  and  arrangement 
of  propulsion  machinery  in  conventional  steam 
turbine  propulsion  plants  and  on  the  arrange- 
ment of  the  major  engineering  piping  systems 
that  connect  and  serve  the  various  units  of 
machlniery. 

It  Is  Important  to  note  that  the  Information 
given  in  this  chapter  Is  general  rather  than 
specific.  No  two  ships— not  even  sister  ships- 
are  exactly  alike  in  their  arrangement  of  ma- 
chinery and  piping.  The  examples  given  in  this 
chapter  are  based  on  the  arrangements  used 
in  various  kinds  of  ships,  large  and  small,  old 
and  new.  The  examples  give  some  Idea  of  the 
variety  of  arrangements  that  may  be  found  on 
steam-driven  surface  ships,  and  they  Indicate 
the  basic  functions  of  the  machinery  and  piping; 
but  the  examples  cannot  provide  an  exact 
picture  of  the  machinery  and  piping  on  any  one 
sliip.  For  detailed  information  concerning  the 
arrangements  on  any  particular  ship,  it  Is 
necessary  to  consult  the  ship's  blueprints, 
various  ship's  manuals,  and  the  manufacturers' 
technical  manuals  that  cover  the  engineering 
equipment  and  piping  systems  installed  in  the 
ship. 

ARRANGEMENT  OF  PROPULSION 
MACHINERY 

The  propulsion  machinery  on  conventional 
steam-driven  surface  ships  Includes  (1)  the 
propulsion  boilers,  (2)  the  propulslon  turbines, 
(3)  the  condensers,  (4)  the  reduction  gears,  and 
(5)  the  pumps,  forced  draft  blowers,  deaerating 
feed  tanks,  and  other  auxiliary  machinery  tmlts 
which  directly  serve  the  major  propulsion  units. 


On  most  steam-driven  surface  ships  othv^r 
than  oilers,  tankers,  and  certain  auxiliaries, 
the  propulsion  machinery  is  located  amidships. 
Turbogenerators  and  their  auxiliary  condensers 
are  usually  located  in  the  propulsion  machinery 
spaces;  other  engineering  equipment  that  Is  not 
directly  associated  with  the  operation  of  the 
major  propulsion  units  may  be  located  in  or 
near  the  propulsion  machinery  spaces  or  in 
other  parts  of  the  ship,  as  space  permits. 

A  word  about  terminology  may  be  helpftil 
at  this  point.  Hhe  boilers  in  a  propulsion  plant 
may  be  identified  as  propulsion  boilers  (or 
occasionally  as  main  boilers)  when  It  is  neces- 
sary to  distinguish  between  propulsion  boilers 
and  the  auxiliary  boilers  that  are  installed  on 
some  ships.  TUb  turbines  are  Identified  as 
propulsion  turbines  when  it  is  necessary  to 
distinguish  between  them  and  the  many  auxiliary 
turbines  that  are  used  on  all  steam-driven  ships 
to  drive  pumps,  forced  draft  blowers,  and  other 
auxiliary  units.  The  propulsion  turbines  are 
also  sometimes  referred  to  as  the  main  engines, 
although  this  usage  Is  not  considered  parti- 
cularly  desirable.  The  term  propulsion  rnilt 
is  correctly  used  to  Identify  the  combination 
of  propulsion  turbines,  main  reduction  gears, 
and  main  condenser  in  any  one  propulsion  plant; 
however,  the  term  propulsion  unit  may  also 
be  used  in  a  more  general  sense  to  indicate 
any  major  unit  In  the  propulsion  plant. 

Each  propulsion  shaft  has  an  ldentif]rlng 
number  which  Is  based  on  the  location  of  the 
shaft,  working  from  starboard  to  port.  The 
shaft  nearest  the  starboard  side  Is  the  No.  1 
shaft,  the  one  next  inboard  Is  the  No.  2  shaft, 
and  so  forth.  On  recent  ships,  the  propulsion 
machinery  that  serves  each  shaft  Is  given  the 
same  number  as  that  shaft.  For  example,  the 
No.  2  shaft  is  served  by  the  No.  2  propulsion 
unit  and  the  No.  2  boiler.  Where  two  similar 
units  serve  one  shaft,  the  Identifying  number 
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is  followed  by  a  letter.  If  two  boilers  serve  the 
No.  3  propulsion  unit  and  the  No.  3  shaft,  for 
example,  the  boilers  would  be  identified  as  No. 
3A  and  No.  3B.  Where  letters  are  used,  they 
are  used  in  sequence  going  from  starboard  to 
port  and  then  from  forward  to  aft. 

On  older  ships,  the  practice  of  identifying 
propulsion  units  by  the  number  of  the  shaft 
they  serve  is  slighUy  different.  In  general,  each 
propulsion  unit  is  numbered  to  correspond 
with  the  number  of  the  shaft  it  serves;  but 
the  numbering  of  the  boilers  is  generally  not 
the  same  as  the  numbering  of  the  propulsion 
units  and  the  shafts.  On  an  older  ship,  for  ex- 
ample, the  No.  1  boiler  and  the  No.  2  boiler 
might  serve  the  No.  1  propulsion  unit  and  the 
No.  1  shaft,  while  the  No.  3  boiler  and  the  No.  4 
boiler  would  serve  the  No.  2  propulsion  unit  and 
the  No.  2  shaft. 

The  functional  relationships  of  the  major 
propulsion  units  and  of  many  auxiliaries  are 
shown  in  figure  9-1.  This  illustration  does  not 
indicate  the  actual  location  of  the  machinery 
units;  Indeed,  the  physical  location  is  often 
surprisingly  different  from  the  location  that 
might  be  assumed  from  a  diagram  of  this  type. 
In  considering  the  physical  arrangement  of 
machinery,  however,  we  must  keep  the  functional 
relationships  clearly  in  mind.  The  three  major 
piping  systems  shown  in  figure  9-1  are  the 
main  steam  system,  tlie  auxiliary  steam  system, 
and  the  auxiliary  exhaust  system;  again,  a 
functional  rather  than  a  idiysical  relationship 
is  indicated.  The  throe  systems  are  discussed 
in  more  detail  later  in  this  chapter;  at  this  point 
it  is  only  necessary  to  note  the  relationships 
of  these  vital  systems  to  the  propulsion  units 
and  auxiliaries. 

The  propulsion  machinery  spaces  may  be 
physically  arranged  in  several  ways.  Some  ships 
have  firerooms,  containing  boilers  and  the  sta- 
tions for  operating  them,  and  enginerooms, 
containing  propulsion  turbbies  and  the  stations 
for  operating  them.  On  some  ships,  one  fire- 
room  serves  one  engineroom;  on  others,  two 
firerooms  serve  oi^e  engineroom.  Instead  of 
firerooms  and  enginerooms,  many  large  ships 
of  recent  design  have  spaces  which  are  called 
machinery  rooms.  Each  machinery  room  con- 
tains  both  the  boilers  and  thepropulsion  turbines 
that  serve  a  particular  shaft.  On  some  recent 
ships  that  have  certain  automatic  controls,  the 
propulsion  machinery  is  very  largely  operated 
from  separate  enclosed  operating  stations  lo- 
cated within  the  machinery  room. 


No  matter  what  arrangement  of  machinery 
spaces  is  used,  the  propulsion  machinery  is 
usually  on  two  levels.  The  condensers  and  the 
main  reduction  gears  are  on  the  lower  level. 
The  propulsion  turbines  and  the  high  speed 
pinion  gears  to  which  they  are  connected  are 
on  the  upper  level  with  the  low  pressure  tur- 
bine exhaust  directly  over  the  condenser.  The 
boilers  occupy  both  the  lower  level  and  the  up- 
per level;  the  stations  for  firing  the  boilers 
(sometimes  referred  to  as  "the  firing  aisle") 
are  on  the  lower  level,  while  the  stations  for 
operating  the  valves  that  admit  feed  water  to 
the  boilers  are  on  the  upper  level.  The  boil- 
ers are  usually  located  on  the  centerline  of  the 
ship  or  else  they  are  distributed  symmetrical- 
ly about  the  centerline.  The  long  axis  of  the  i 
boiler  drums  runs  fore  and  aft  rather  than  ath- 
wartship.  Other  machinery,  including  the  pro- 
pulsion auxiliaries,  is  arranged  in  various  ways 
as  space  and  wei^t  considerations  permit. 

Figure  9-2  shows  the  general  arrangement  [ 
of  propulsion  machinery  on  destroyers  of  the 
DD  445  and  DD  692  classes.  The  machinery  is 
arranged  so  that  the  forward  fireroom  and  the  ; 
forward  engineroom  can  be  operated  together  as 
one  completely  independent  plant,  while  the 
after  fireroom  and  the  after  engineroom  can 
be  operated  together  as  another  completely  ^ 
independent  plant.  All  propulsion  machinery,  ; 
including  auxiliaries,  is  duplicated  in  each  ; 
plant.  The  arrangement  shown  in  figure  9-2  is  i 
typical  of  most  destroyers,  even  the  newer  ; 
ones;  however,  the  newer  destroyers  contain 
a  non-machinery  separation  space  between  the  • 
forward  and  after  machinery  plants. 

Figures  9-3,  9-4,  9-5,  and  9-6  show  the 
arrangement  of  machinery  in  the  No.  1  fire- 
room and  the  No.  1  engineroom  of  the  frigates 
DLG  14  and  DLG  15.  The  arrangement  sbown 
iii  these  illustrations  is  also  typical  of  that  in 
the  frigates  DLG  6-13.  The  forward  (No.  1) 
fireroom  and  engineroom  may  be  operated  to- 
gether as  a  separate  plant,  as  may  the  after  : 
(No.  2)  fireroom  and  engineroom.  I 
Figure  9-7  shows  the  general  arrangement  ^ 
of  propulsion  machinery  on  the  CA  68  class  of 
heavy  cruisers.  This  arrangement  is  typical  j 
of  cruisers  commissioned  during  World  War  | 
n.  The  two  forward  firerooms  and  the  forward  \ 
engineroom  constitute  one  plant;  the  two  after  | 
firerooms  and  the  after  engineroom  constitute  | 
the  other  plant.  Cross-connections  make  it  J 
possible  for  other  operational  arrangements  ] 
to  be  used.  j 
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Figure  9-1.— Functional  relattonships  of  propulsion  imits,  auxiliaries,  main 
steam  system,  auxiliary  steam  system,  and  auxiliary  exhaust  system 
(Facing  page  194). 
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Figure  9-2.-.Propulsion  machinery  arrangement,  DD  445  and  DD  692  classes. 
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Figure  9-8  shows  the  arrangement  of  pro- 
pulsion machinery  on  the  USS  Coral  Sea.  CVA 
43.  In  some  ways,  this  arrangementof  machinery 
represents  the  ultimate  in  designed  segregation 
of  propulsion  equipment.  The  major  units  of 
machinery  are  diq>llcated,  spread  out,  andcom- 
partmented  to  provide  for  maximum  resistance 
to  damage  from  es^loslon,  flre^  or  flooding. 

In  recent  years  there  has  been  a  trend  to- 
ward using  machinery  rooms,  rather  than  fire- 
rooms  and  enginerooms,  on  many  of  the  larger 
combatant  ships.  An  example  of  the  machinery 
room  type  of  arrangement  Is  shown  in  figure 
9-9.  Each  machinery  room  contains  a  separate 
propulsion  plant  which  Is  capable  of  independent 
operation.  The  arrangement  shown  in  figure 
9-9  Is  that  of  a  heavy  cruiser  of  the  CA  139 
class;  the  same  general  arrangement  Is  used 
on  many  newer  ships,  including  aircraft  car- 
riers. 

ENGINEERING  PIPING  SYSTEMS 

The  various  units  of  machinery  and  equip- 
ment  aboard  ship  are  connected  by  miles  of 
piping.  Each  piping  system  consists  of  sections 
of  pipe  or  tubing,  fittings  for  joining  the  sec- 
tions, and  valves  for  controlling  the  flow  of 
fluid.  Most  piping  systems  also  include  a  number 
of  other  fittings  and  accessories  such  as  vents, 
drains,  traps^  strainers,  relief  valves,  gages, 
and  instruments.  Piping  system  components  are 
discussed  in  chapter  14  Qf|his  text;  in  the  pres- 
ent chapter,  we  are  concerned  with  piping 
system  standard  symbols,  piping  system  mark- 
ings, general  arrangement  and  layout  of  the 
major  engineering  piping  systems  aboard  ship. 


Piping  system  standard  symbols  are  used 
to  indicate  machinery  units,  piping  connections, 
valves,  gages,  strainers,  steam  traps,  and  other 
Items  on  enghieering  blueprints  and  drawings. 
Figure  9-10  illustrates  some  of  the  standard 
symbols  specified  by  the  governing  Military 
Standard  (MIL-STD-17).  In  some  cases,  devia- 
tion from  these  s]rmbols  occurs  on  blueprints 
and  drawings;  but  the  basic  principles  of  rep- 
resentation are  usually  followed.  Most  plans 
or  drawings  that  utilize  special  symbols  in- 
clude a  legend  or  list  of  symbols. 

Standard  piping  system  markings  are  used 
to  mark  each  shipboard  piping  system  at  suitable 
intervals  along  the  entire  length  of  the  system. 
The  markings  may  be  implied  with  paint  and 
stencils  or  prepainted  vinyl  cloth  markers 
may  be  used.  The  markings  are  in  black  letters 
on  a  white  background  for  all  systems  except 
oxygen;  oxygen  systems  are  marked  with  white 
letters  on  a  dark  background. 

The  piping  identification  markings  must  in- 
clude the  functional  name  of  the  system  and, 
iwhere  necessary,  the  specific  service  of  the 
system.  Markings  must  also  include  arrows  to 
show  the  direction  of  flow. 

The  piping  identification  markings  are  not 
required  for  piphig  in  tanks,  voids,  cofferdams, 
bilges,  and  other  unmanned  spaces.  All  other 
piping  must  be  marked  at  least  once  in  each 
manned  space  and  at  least  twice  in  each  ma- 
chinery space.  Systems  serving  propulsion 
plants  and  S]n3tems  conveying  flammable  or 
toxic  fluids  must  be  marked  at  least  twice 
in  each  space.  When  feasible,  piphig  Identifl- 
cation  markings  are  placed  near  the  entry  and 
near    the    exit    to    any  space  and  at  the 
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Figure  9-3,— Arrangement  of  machinery  on  tipper  level  of  No.  1  fireroom, 

DLG  14  and  DLG  15. 
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Figure  9-4.-Arrangement  of  machinery  on  lower  level  of  No.  1  flreroom,  DLG  14  and  DLG  15. 
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Figure  9-5.— Arrangement  of  machinery  on  upper  level  of  No.  1  engineroom, 

DLG  14  and  DLG  15. 
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Figure  9-6.-Arrangement  of  machinery  on  lower  level  of  No.  1  engineroom, 

DLG  14  and  DLG  15. 
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Junction  ot  interconnecting  systems.  Short  runs 
of  piping  which  serve  an  immediately  obvious 
purpose,  such  as  short  vents  or  drains,  need  not 
be  marked.  As  a  rule,  piping  on  the  weather  decks 
does  not  require  marking;  if  it  does  require 
marking,  label  plates  (rather  than  stenciled 
paint  or  prepainted  vinyl  labels)  are  used. 

Each  valve  is  marked  on  the  rim  of  the  hand- 
wheel,  on  a  circular  label  plate  sectnred  by  the 
handwheel  nut,  or  on  a  label  plate  attached  to  the 
ship's  structure  or  to  adjacent  piping.  The  valve 
label  gives  the  name  and  purpose  of  the  valve,  if 
this  information  is  not  immediately  apparent 
from  the  piping  S3rstem  marking,  and  it  gives  the 
location  of  the  valve.  The  location  is  indicated  by 
three  numbers  which  give,  in  order,  the  vertical 
level,  the  longitudinal  position,  and  the  trans- 
verse position.  Consider,  for  example,  a  drain 
bulkhead  stop  valve  that  is  labelled: 

2-85-1 

The  location  of  this  valve  is  indicated  by  these 
numbers.  The  first  number  indicates  the  vertical 
position— in  this  case,  the  second  deck.  The  sec- 
ond number  Indicates  the  longitudinal  position  by 
giving  the  frame  number^in  this  case,  frame  85. 
The  third  number  indicates  the  transverse  posi- 
tion—starboard  side  if  the  number  is  odd,  port 
side  if  the  number  is  even.  The  numbers  Indicat- 
ing transverse  position  begin  atthe  centerline  of 
the  ship  and  progress  out  toward  the  sides.  For 
exang>le,  a  second  drain  bulkhead  stop  installed 
on  the  same  level  and  at  the  same  frame,  but  fa- 
ther to  starboard,  would  be  indentifled  as 

2-85-3 

Jn  either  case,  of  course,  the  valve  would  also 
be  identified  as  to  sjrstem  (DRAIN  BULKHEAD 
STOP,  in  these  exaiq;iles)  if  the  piping  system 
identification  did  not  make  the  system  obvious. 

A  sli^y  different  system  of  marking  is  used 
for  identlfytaig  main  line  valves,  cross-connec- 
tion or  split-plant  valves,  and  remote-operated 
valves  in  vital  engineering  piping  systems,  b- 
stead  of  being  identified  by  location,  these  valves 
are  assigned  casualty  contr(fl  identification  num- 
bers, by  system,  as 

Main  steam.  MSI,  MS2;  MS3,  etc 

Ansdllary  steam  ASl,AS2,AS3,AS4,etc. 

Auxiliary  condensate. .  •  ACNl,  ACN2,  etc* 

Auxiliary  ejAanst  AEl,  AE2,  AE3,  etc. 

FmI  ott  service   FOSl,  F0S2,  etc 


On  newer  ships,  the  system  for  marking 
valves  in  the  vital  engineering  systems  is  slight- 
ly difterent,  consisting  of  a  tlu:ee-part  designa- 
tion in  the  following  sequence:  (1)  a  number  des- 
ignating the  shaft  or  plant  number;  (2)  letters 
designating  the  system;  and  (3)  a  number,  or  a 
combination  of  a  number  and  a  letter.  Indicating 
the  individual  valve.  Individual  valve  numbers 
are  assigned  in  sequence,  beginning  atthe  origin 
of  a  system  and  going  in  order  to  the  end  of  the 
system,  excluding  branch  lines.  In  other  words, 
the  first  valve  in  the  mainline  Is  No.  1,  the  sec- 
ond is  No.  2,  and  so  forth.  Since  parallel  flow 
paths  frequently  exist,  it  is  often  necessary  to 
assign  a  shaft  number  and  a  system  designation 
to  the  parallel  flow  paths  as  well  as  to  the  basic 
main  line  of  the  system.  The  valves  in  the  paral- 
lel flow  paths  are  then  numbered  in  sequence; 
identical  numbers  are  usedf or  valves  which  per- 
form like  functions  in  each  of  the  parallel  flow 
paths,  but  a  letter  suffix  is  added  to  distinguish 
between  the  similar  valves.  This  system  of  iden- 
tification is  illustrated  for  part  of  a^mainsteam 
system  in  figure  9-11. 

R  is  of  utmost  Importance  that  all  engineer- 
ing personnel  (officer  and  enlisted)  become  fii- 
millar  with  the  valve  markings  used  in  the  vital 
engineering  systems.  Use  of  the  identification 
numbers  tends  to  prevent  confusion  and  error 
when  the  plant  is  being  split  or  cross-connected  ) 
and  when  damaged  sections  are  being  isolated, 
since  it  provides  a  means  of  ordering  any  parti- 
cular valve  to  be  opened  or  closed  without  taking  : 
time  to  describe  the  actual  physical  location  of 
the  valve.  However,  the  identification  mlUrxings  ; 
cannot  serve  their  Intended  purpose  unless  all 
engineering  personnel  are  throroughly  fomlllar 
with  the  physical  location  and  the  identification 
number  of  each  valve  they  may  be  required 
either  to  operate  themselves  or  to  order  opened 
or  dosed. 

Most  shipboard  piping  Is  painted  to  match  and 
Uend  in  with  its  surrounding  bulkheads,  over- 
heads, or  other  structures,  b  a  very  few  sys- 
tems, color  Is  used  in  a  specified  manner  to  aid  \ 
in  the  rapid  identification  of  the  systems.  For  I 
exanqfle,  JP-5  piping  in  Interior  spaces  is  i 
painted  purple.    Gasoline  valves  in  Interior  i 
spaces  are  pataited  jrellow,  except  for  moving 
parts  of  the  valves;  in  exterior  locations,  part  i 
of  the  valve  handwbed  or  the  operating  lever  Is  • 
patoted  yellow.  Green  is  similarly  used  toiden-  ; 
tify  oxygen,  and  red  is  used  for  fireplugs  and  - 
foam  discharge  valves. 
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Figure  9-11.— Principle  of  valve  identification  in  engineering  piping  systemB. 
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MAIN  STEAM  SYSTEMS 

The  main  steam  system  Is  the  shortest  and 
sinqflest  of  all  the  major  engineering  piping 
systems  aboard  sh^p.  This  statement  is  true 
regardless  of  the  steam  pressures  Involved. 
With  the  recent  advent  of  the  1200-psi  main 
steam  system,  ^  there  is  a  tendency  to  regard 
high  pressure  main  steam  systems  as  basically 
different  firom  (and  mysteriously  more  conqdex 
than)  the  lower  pressure  8]rstems.  b  reality,  a 
1200-p8i  main  steam  system  serves  the  same 


ClasslflcaHon  of  main  steam  systems  aooonttng  to 
pressure  Is  bued  on  the  openutliig  pressufe  of  ttw 
boilers.  Boiler  opentiiig  piessmei  are  dfewMttMl  In 
dmpter  lOof  tUs  taxi;  at  this  point,  ills  merely  neo* 
esaary  to  note  that  main  steam  i^ystems  are  ftrequeiit^ 
ly  referml  to  aa  ia(Khpei  ^ysfeems,  600«psl  ay^emst 
or  400*psl  systemSt  dspeudliif  upuuflie  operaHogBres* 
sore  of  the  boilers,  ft  ahoold  he  aoCedt  also^  thit  smtfi 
pressure  diaasifioallons  are  aivratfanle : 


basic  purpose  as  a  lower  pressure  system,  and 
differs  only  In  mtaor  details,  as  noted  in  subse- 
quent discussion.  The  major  difference  between 
ht^  pressure  nudn  steam  S]r8tems  and  lower 
pressure  systems  is  in  the  materials  used  for 
p^lng  and  fittings;  in  general,  the  metals  for 
1200-psi  systems  must  be  designed  towithstand 
operating  temperatures  iqpproodmately  100®  to 
200*  F  higher  than  the  operating  temperatures 
of  the  lower  pressure  systems.2 

Oa  most  ships,  any  piping  which  carries  su- 
perheated steam  is  consideredaspartofthe  main 
steam  system.  On  many  ships,  the  main  steam 
system  includes  only  the  piping  that  carries  su- 
perheated steam  from  the  boOers  to  the  propul- 
sion turbines,  ttie  turbogenerators,  andtheboUer 


Alfiioagh  ttie  main  ateam  systems  are  approximately 
the  same  for  a  1200-psi  system  and  ISora  lower  prea- 
sure  system*  It  should  not  be  inferred  fliat  me  plant 
?s  a  whole  Is  lileiaioal.  hnportant  dltfeienoea  between 
laiOO-psi  plaats  and  lower  pressure  planta  are  noted 
la  approprlale  places  flmni^ioat  mis  teat. 
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soot  blowers.  On  some  recent  ships  (both  600- 
psi  and  1200-psi)  the  main  steam  system  sup- 
plies superheated  steam  to  several  other  units 
as  well.  For  example,  some  carriers  use  su- 
perheated steam  to  supply  steam  catapult  sys- 
tems; also,  some  carriers  and  other  ships  use 
superheated  steam  to  operate  forced  draft 
blowers,  main  feed  pumps,  main  circulating 
pumps,  and  other  auxiliaries.  The  soot  blowers 
are  n^  supplied  from  the  main  steam  system 
on  some  ships  that  have  1200-psi  main  steam 
systems;  instead,  steam  for  the  soot  blowers  is 
taken  from  the  1200-psi  auxiliary  steam  system, 
as  discussed  later  in  this  chapter. 

Figure  9-12  illustrates  the  main  steam  sys- 
tem for  the  forward  plant  (No.  1  fireroom  and 
No.  1  engineroom)  of  a  steam-driven  destroyer 
escort.  The  after  plant  (No.  2  fireroom  and  No. 
2  engineroom)  main  steam  system  is  very  sim- 
Uar. 

There  is  one  boiler  in  each  fireroom.  Each 
boiler  is  provided  with  a  boiler  stop  valve  which 
can  be  operated  either  locally  from  the  fire- 
room or  remotely  firom  the  main  deck.  A  sec- 
ond line  stop  valve  in  each  fireroom  provides 
two-valve  protection  for  the  boiler  when  it  is 
not  in  use,  and  permits  effective  isolation  in 
case  of  damage.  This  type  of  two-valve  protec- 
tion is  standard  for  all  boUers  installed  in  U.S. 
Navy  ships. 

For  ahead  operation,  the  superheated  steam 
passes  through  a  main  steam  strainer,  a  guard- 
ing valve,  and  a  throttle  valve  before  entering 
the  hi^  pressure  turbine.  From  the  bi^  pres- 
sure turbine,  the  steam  passes  through  a  cross- 
over pipe  to  the  low  pressure  turbine;  then  it 
ejdiausts  to  the  condenser.  For  astern  opera- 
tion, the  superheated  steam  passes  through  the 
steam  strainer  and  through  a  stop  valve;  then 
it  goes  to  the  steam  chest  of  the  astern  element, 
which  is  located  at  one  end  of  the  low  pressure 
turbine. 

The  forward  and  after  main  steam  systems 
are  connected  tqr  cross-connection  p^ing  be- 
tween the  forward  engineroom  and  the  after 
fireroonu  By  means  of  this  p4[>ing,  either  boiler 
can  be  used  with  either  or  both  propulsion  units 
and  turbogenerators.  Thus  the  two  propulsion 
plants  can  be  operated  either  indepradenUy 
(split-plant)   or  together  (cross-connected). 


3ool  blowers  are  devices  fbr  removing  soot  froAithe 
boiler  firesides  whfle  bofler  Is  Btsaming.  Sod 
blowers  are  dtscussed  in  Chapter  11  of  ttils  text. 


Note  that  superheated  steam  for  the  soot 
blowers  goes  from  the  superheater  outlet  pip- 
ing into  a  soot  blower  steam  header.^  Branches 
go  from  the  header  to  the  individual  soot  blowers. 

A  600-psi  main  steam  system  is  shown  in 
figure  9-13.  This  is  the  main  steam  system  for 
the  two  forward  plants  (No.  1  and  No.  4)  on  a 
heavy  cruiser  of  the  CA  139  class.  Althou^this 
drawing  is  more  complicated,  the  system  itself 
is  still  basically  simple. 

A  600-psi  main  steam  system  for  destroyers 
of  the  DD  445  and  DD  692  classes  is  shown  in 
figure  9-14.  A  later  modification  was  made  on 
these  ships  to  provide  a  separate  superheated 
steam  supply  to  the  turbogenerators.  With  this 
modification,  this  main  steam  system  is  typical 
of  most  destroyers,  even  those  that  are  consid- 
erably more  recent  than  the  DD  445  and  DD  692 
classes. 

For  comparison,  figure  9-15  shows  a  1200- 
psi  main  steam  system  for  the  forward  plant  of 
the  frigates  DLG  14  and  DLG  15.  Note  that  the 
1200-psi  main  steam  system  ooes  not  supply 
steam  to  the  soot  blowers  but  that  it  does  supply 
steam  to  the  main  feed  pumps.  In  both  of  these 
respects,  the  1200-psi  system  differs  from  the 
DD  44S  and  DD692  main  steam  system  described 
above. 

AUXILIARY  STEAM  SYSTEMS 

Auxiliary  steam  systems  supply  steam  at  the 
pressures  and  temperatures  required  for  the  op- 
eration of  many  systems  and  units  of  machinery, 
both  inside  and  outside  the  engineering  spaces. 
Althou^  auxUiary  steam  is  often  called  ^'satu- 
rated''  steam,  it  has  some  degree  of  siq[>erheat 
in  some  auxiliary  steam  sjrstems.  Constant  and 
intermittent  service  steam  systems,  steam 
smothering  systems,  whistles  and  sirens,  ftiel 
oU  heaters,  ftiel  oil  tank  heating  coils,  air  ejec- 
tors, forced  draft  blowers,  and  a  wide  variety  of 
pumps  are  typical  of  the  systems  and  machinery 


Slie  term  header  is  commonly  used  in  engineeringto 
describe  any  tube,  chamber,  drmn,  orslniilarpieceto 
which  a  series  of  tabes  or  pipes  are  oonneoted  in  such 
a  way  as  to  permit  a  flow  of  flidd  from  one  tube  (or 
gmtp  of  tabes)  to  another.  In  essence,  a  header  is  a 
kind  of  manifold,  b  common  usage,  a  (ttstinotion  is 
made  between  drams  and  headers  on  the  basis  of  itae: 
a  large  piece  of  flUs  kindislUoBlylo  be  called  a  dmm« 
a  smaller  one  a  header. 
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Figure  9-12.»Main  Bteam  system,  destroyer  escort. 
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that  receive  their  steam  supply  from  auxiliary 
steam  syBtemB  on  most  steam-driven  ships.  As 
previously  noted,  the  units  are  not  the  same  on 
all  ships.  Some  recent  ships  use  main  steam 
instead  of  auxiliary  steam  for  the  forced  draft 
Uowers  and  for  some  pumps.  On  some  sliips, 
turbine  gland  sealing  systems  receive  their 
steam  sumdy  from  an  auxiliary  steam  sjrstem; 
on  other  ships,  the  source  of  supply  is  the  auz« 
Qiary  exhaust  system,  b  general,  an  bicreashig 
use  of  electrically  driven  (rather  than  turbine 
driven)  anxOiaries  has  led  to  the  8tnq[ilification 
of  auxiliary  steam  systems  on  recent  sh^. 

On  sh^is  having  dooble-ftnrnaceboaersT'aux- 
tliary  steam  is  taken  directly  from  the  steam 


drum  at  steam  drum  pressure  and  temperature. 
Sbice  this  steam  is  not  superheated,  it  does  not 
require  desuperheating  before  it  can  be  used  as 
auxiliary  steam.  On  ships  having  single-furnace 
boilers,  all  steam  generated  bi  the  boiler  goes 
through  the  superheater;  the  steam  requiredfor 
auxiliary  steam  sjrstems  is  then  desuperheated 
to  some  extent.  On  ships  liaving  600-psi  main 
steam  sjrstems,  auxiliary  steam  is  desuper- 
heated so  that  it  is  approximately  at  steam  drum 
tenq>erature  (or  very  sli^y  above).  On  ships 
havtag  1200-p8i  main  steam  systems,  the  desu- 
perheated auxiliary  steam  may  still  have  quite  a 
bit  of  siq)erheat-that  is,  it  may  be  at  a  consider- 
ably hi^er  tenq>erature  than  the  vrater  and  steam 
in  the  steam  drum. 
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FiguTB  9-13.— Main  steam  Bystem,  CA  139  claaB. 
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Most  ships  that  have  600-psl  main  steam 
systems  have  a  600-psl  auxiliary  steam  system 
an4  a  150-psl  auxiliary  steam  system,  plus 
some  lower  pressure  service  systems.  The 
600*psl  auxiliary  steam  system  serves  some 
machinery  directly  and  also  supplies  the  150*psl 
system  through  reducing  valves  or  reducing 
stations.  The  150-psl  auxiliary  steam  system 
serves  some  units  directly  and  also  provides 
auxiliary  steam  for  units  or  systems  that  re- 
quire auxiliary  steam  at  even  lower  pressures. 

Figure  9-16  shows  part  ofa600*psl  auxiliary 
steam  system  for  the  two  forward  plants  (No.  1 
and  No.  4)  on  a  heavy  cruiser  of  the  CA  139 
class.  Note  that  the  system  Is  arranged  In 
loop  form,  with  cross  connections  at  required 
Intervals  and  with  branch  lines  serving  the 
various  units  and  systems.  Note,  also,  that 
the  auxiliary  steam  system  Is,  like  the  main 
steam  system,  basically  rather  simple. 

Ships  that  havea  1 200*psl  main  steam  system 
have  a  1200-psl  auxiliary  steam  system,  a 
600- psl  auxiliary  steam  system,  a  150-psl 
auxiliary  steam  system,  and  several  constant 
and  intermittent  steam  service  systems.  The 
auxiliary  steam  systems  of  the  DLG  14  and 
DLG  15  are  described  here  in  some  detail  as 
examples  of  auxiliary  steam  systems  on  ships 
having  1200-p8i  main  steam  systems. 

The  1200*p8i  and  the  6 00-psi  auxiliary  steam 
systems  for  the  forward  plant  of  the  DLG  14 
and  DLG  15  are  shown  in  figure  9*  17.  A  similar 
arrangement  exists  in  the  after  plant.  The 
1200-psi  pjxillary  steam  system  for  each  plant 
is  entirely  separate  and  independent;  the  600- 
psi  syst  .us  can  be  cross-connected  but  are 
not  normally  operated  that  way.  Each  plant  has 
two  boilers,  both  of  which  supply  steam  to  the 
1200-psi  auxUlary  steam  system  of  that  plant. 
The  steam  comes  from  the  desiq^erheater  out- 
let of  each  boiler;  it  is  destqperheated  from 
S4)proximately  950^  F  (the  operating  temperature 
at  the  superheater  outlet)  to  approximately 
700''  F.  Nbte  that  the  steam  In  this  auxiliary 
steam  system  still  has  something  more  than 
200^  F  of  superheat,  so  it  is  not  strictly 
''saturated"  steam.  The  1200-psi  auxiliary 
steam  lines  from  each  boiler  are  interconnected 
so  ttiat  either  boiler  can  provide  steam  for 
everything  served  by  this  system. 

The  1200-psi  auxiliary  steam  system  sup- 
plies steam  directly  to  the  soot  blowers,  fte 
forced  draft  blowers,  and  the  reducing  stations 
that  reduce  the  pressure  from  1200  to  600  psig; 


it  also  supplies  augmenting  steam  at  12  psig 
to  the  auxiliary  exhaust  system,  when  necessary. 

The  600* psl  auxiliary  steam  system  supplies 
steam  at  600  psig  and  approximately  650*"  F  to 
both  fireroom  and  engineroom  equipment.  In 
the  fireroom,  the  600-psi  system  supplies 
steam  to  the  fuel  oil  service  pumps,  the  main 
feed  booster  pump,  the  fire  pump,  and  the 
reducing  stations  that  reduce  the  pressure  from 
600  to  150  psig.  In  the  engineroom,  the  600- 
psi  system  supplies  steam  to  the  standby  lube 
oil  service  pump,  the  main  condensate  pump, 
the  main  circulating  pump,  and  a  reducing 
station  that  reduces  the  pressure  from  600  to 
150  psig. 

The  150-psi  and  the  50-psi  auxiliary  steam 
systems  for  the  after  plant  of  the  DLG  14  and 
DLG  15  are  shown  in  figure  9*18.  The  forward 
plant  has  similar  systems. 

The  150* psl  auxiliary  steam  system  in  each 
plant  provides  all  machinery,  equipment,  and 
connections  which  require  150* psl  steam.  This 
system  also  supplies  steam  to  other  reduced 
pressure  systems,  via  reducing  stations,  and 
may  deliver  steam  to  other  ships  or  receive 
steam  from  ovitside  sources  through  special 
piping  and  deck  connections.  Another  function 
of  the  150-psi  system  is  to  augment  the  auxi- 
liary exhaust  system;  in  fact,  this  function  is 
normally  performed  by  the  150*psi  system, 
although  it  may  be  performed  directly  by  the 
1200-psl  auxiliary  steam  system  when  neces- 
sary. 

Steam  for  ttie  150«psi  system  in  thefireroom 
is  supplied  from  the  reducing  stations  that 
reduce  the  pressure  from  600  to  150  psig.  There 
are  two  sudi  stations  in  each  fireroom.  A  spray- 
type  desuperheater  reduces  the  temperature 
of  the  fireroom  150-p8i  system  to  400'' F.  Ser- 
vices and  auxiliaries  operated  from  the  150- 
psi  system  in  the  fireroom  Include  supexiieater 
protection  steam,^  service  steam  systems, 
oil  heating  systems,  boiler  casing  steam 
smothering  systems,  fireroom  bilge  steam 
smothering  system,  bilge  and  ftiel  oil  tank 
stripping  pumps  (in  No.  1  fireroom  and  Nb.  2 
engineroom  only),  steam  for  burner  cleaning 
service,  and  hose  connections  for  boiling  out 
l)ollers.  In  emergencies,  the  fireroom  150-psi 
auxiliary  steam  system  can  also  evpply  steam 
for  some  units  that  are  normally  supplied  by 
the  engineroom  150-psi  system. 


^Siqierheafter  protection  steam  Is  disoossed  in  chapter 
lOof  this  text. 
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The  reducing  station  that  reduces  steam  from 
600  to  150  pslg  In  the  englneroom  supplies 
steam  at  150  pslg  and  610^  F  to  ttie  main  and 
auxiliary  air  ejectors,  the  distilling  plant  air 
ejectors,  and  the  turbine  gland  seal  systems. 
Line  desuperheaters  are  not  installed  In  the 
150-psl  system  In  the  englneroom. 

In  the  No.  2  englneroom,  a  reducing  station 
reduces  steam  pressure  from  ISO  pslg  to  100 
pslg  and  supplies  steam  at  100  pslg  and  385^  F 
to  the  ship's  laundry  and  tailor  shop  equipment. 
This  100-psl  auxiliary  steam  system  is  called 
the  100-psl  constant  service  system. 

The  ISO-psl  system  also  stipplles  twoSO-psl 
8ystems--one  a  constant  service  system,  one  an 
intermittent  service  system.  Both  of  these  sys- 
tems are  shown  in  figure  9-18. 

AUXILIARY  EXHAUST  SYSTF^fS 

The  auxiliary  exhaust  sysi  >m  receives  ex- 
haust steam  from  pumps,  forcev^  draft  blowers, 


and  other  auxiliaries  which  do  not  exhaust  di- 
rectly to  a  condenser.  Auxiliary  exhaust  steam 
is  used  in  various  units.  Including  deaeratlng 
feed  tanks,  distilling  plants,  and  (on  many  ships) 
turbine  gland  seal  systems. 

The  pressure  in  the  auxiliary  esdiaust  system 
is  maintained  at  about  IS  pslg.  U  the  pressure 
becomes  too  hlg^,  automatic  unloading  valves 
(dumping  valves)  allow  the  excess  steam  to  go 
to  the  main  or  auxiliary  coitrlsnsers;  in  the 
event  of  failure  of  these  imloadlr^  valves,  relief 
valves  allow  the  steam  to  escape  to  atmosphere. 
If  the  pressure  in  the  auxiliary  exhaust  system 
drops  too  low,  makeup  steam  is  supplied  from 
an  auxiliary  steam  system  (usually  the  150-psl 
system)  through  augmenting  valves. 

The  auxiliary  exhaust  system  must  be  clearly 
distinguished  from  the  various  auxiliary  steam 
systems.  Even  though  the  auxiliary  exhaust 
system  is  a  steam  system,  it  is  not  considered 
an  auxiliary  steam  system.  A  reexamination  of 
figure  9-1  may  be  helpful  at  this  point  to  clarify 
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Figure  9-14.--lfein  steam  system,  DD  445  and  DD  692  classes* 
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the  relationships  between  the  auxiliary  exhaust 
;  system  and  the  main  and  auxiliary  steam 
systems. 

;  STEAM  ESCAPE  PIPING 

» 

]  Steam  escape  piping  is  installed  to  provide 
,  an  unobstructed  passage  for  the  escape  of  steam 
I  from  boiler  safety  valves  and  from  the  relief 
j  valves  installed  on  steam-driven  auxiliaries.  A 
i  line  is  also  provided  from  the  auxiliary  exhaust 
I  system  to  the  escape  piping  to  allow  the  aux- 
1  Uiary  exhaust  to  unload  to  atmosphere  if  the 
i  pressure  becomes  excessively  high.  Steam  es- 
;  cape  piping  is  usually  shown  on  the  same  plans 
!  or  drawings  as  the  ones  that  show  the  auxiliary 
exhaust  piping. 

GLAND  SEAL  AND  GLAND 
[  EXHAUST  SYSTEBfS 

[  Gland  sealhig  steam  is  supplied  to  the  shaft 
:  glands^  of  prqpulslon  turbines  and  turbogen- 
\  erator  turbines  to  seal  the  shaft  glands  against 
\  two  kinds  of  leakage:  (1)  air  leakage  into  the 
I  turbine  casings,  and  (2)  steam  leakage  out  of 
the  turbine  casings.  These  two  kinds  of  leakage 
may  seem  contradictory;  however,  each  kind 
of  leakage  could  occur  under  some  operating 
;  conditions  if  the  shaft  glands  were  not  sealed, 
j  Pressures  in  the  gland  seal  system  are  low, 
I  ranging  from  about  3/4  psig  to  2psig,  depmding 
I  upon  the  conditions  of  operation.  Gkuid  eadiaust 
I  piping  carries  the  steam  and  air  from  the  tur- 
j  bine  shaft  glands  to  the  gland  exhaust  condenser, 
[  where  the  steam  Is  condensed  and  returned  to 
[  the  condensate  system. 

I  On  most  ships,  gland  sealing  steam  is  sup- 
plied  from  the  auxiliary  exhaust  system,  although 
:  on  some  ships  it  is  supplied  from  the  150-psi 
auxiliary  steam  sjrstem.  Jn  either  case,  the 
I  steam  Is  stipplied  through  reducing  valves  or 
i  reducing  stations.  Figure  9-19  illustrates  a 
i  typical  gland  seal  and  gland  exhaust  system  for 
propulsion  turbines  on  an  older  type  of  destroyer. 

CONDENSATE  AND  FEED  SYSTEMS 

Condensate  and  feed  systems  indtxle  all  the 
piping  that  carries  water  f^om  the  condensers 


6Shaft  glands  are  devices  for  holdiiig  various  klftds 
of  pacl^ig  at  the  point  where  the  AafteMtsedto  ttrodgh 
the  turbine  casing.  Shaft  glands  and  shaft  gittd  peo^ 
ing  are  discussed  in  chapter  13  of  this  fMU 


to  the  boilers  and  from  the  feed  tanks  to  the 
boilers.  The  condensate  system  includes  the 
main  and  auxiliary  condensers,  the  condensate 
pumps,  and  the  piping.  The  boiler  feed  system 
includes  the  feed  booster  pump,  the  main  feed 
pump,  and  the  piping  required  to  carry  water 
from  the  deaerating  feed  tank  to  the  boilers. 
Together,  the  condensate  and  feed  systems 
begin  at  the  condenser  and  end  at  the  economizer 
of  the  boiler. 

It  is  a  little  hard  to  say  whether  the  deae- 
rating feed  tank  is  part  of  the  condensate  system 
or  part  of  the  boiler  feod  system,  since  the 
tank  is  generally  taken  as  the  dividing  line  be- 
tween the  two  systems.  The  water  is  called 
condensate  between  the  condenser  and  the 
deaerating  feed  tank.  It  is  called  feed  water  or 
boiler  feed  between  the  deaerating  feed  tank 
and  the  economizer  of  the  boiler.  Since  the 
condensate  and  feed  sy^ems  actually  form 
one  continuous  system,  the  terms  feed  system 
and  feed  water  system  are  quite  commonly 
used  to  include  both  the  condensate  system 
and  the  boiler  feed  system. 

Four  main  types  of  feed  systems  have  been 
used  on  naval  ships:  (1)  the  open  feed  system, 
(2)  the  semiclosed  feed  system,  (3)  the  vacuum- 
closed  system,  and  (4)  the  pressure-closed  sys- 
tem. The  development  of  these  systems,  in  the 
sequence  listed,  has  gone  along  with  the  deve- 
lopment of  boilers.  As  boilers  have  been  de- 
signed for  higher  operating  pressures  and 
temperatures,  the  removal  of  dissolved  oxygen 
from  the  feed  water  has  become  Increasingly 
inportant,  since  the  higher  pressures  and  tem- 
peratures accelerate  the  corrosive  effects  of 
dissolved  oxygen.  Each  new  type  of  feed  system 
represents  an  improvement  over  the  one  before 
in  reducing  the  amount  of  oxjrgen  dissolved  or 
suspended  In  the  feed  water. 

Since  practically  all  modem  naval  ships 
have  pressure-closed  feed  systems,  this  is 
the  only  type  discussed  here.  Pressure- closed 
systems  are  used  on  all  naval  ships  having 
boilers  operathig  at  600-psl  and  above;  they 
are  also  used  on  some  ships  that  have  lower 
boiler  operating  pressures. 

In  a  pressure-dosed  system,  all  condensate 
and  feed  lines  throu^ut  the  system  (except 
for  the  very  short  line  between  the  condenser 
and  the  suction  side  of  the  condensate  pump) 
are  under  positive  pressure.  The  system  is 
closed  to  prevent  the  entrance  of  air.  A  pres- 
sore^closed  system  is  shown  In  figure  9-20. 
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Figure  3-16.-*Part  of  600-psl  auxiliary  steam  system,  CA  139  class. 
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Figure  9-16.-Part  of  600-psi  auxiliary  steam  system,  CA  139  class— Continued. 
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Figure  9-19.— Gland  seal  and  gland  exhaust  system  for  propulsion  turbines  (destroyer). 
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Following  this  illustration,  let  us  trace  the  con- 
densate and  feed  system.? 

The  main  condenser  is  the  beginning  of  the 
condensate  system.  The  main  condenser  is  a 
heat  exchanger  in  which  exhaust  steam  from  the 
propulsion  turbines  is  condensed  as  it  comes  in 
contact  with  tubes  through  which  cool  sea  water 
is  Hewing.  The  condenser  is  maintained  under 
vacuxun.  Condensate  is  punqped  from  the  con- 
denser to  the  deaeratlng  feed  tank  by  the  con- 
densate pump.  In  the  deaerating  feed  tank,  the 


'The  main  condenser,  the  air  ejectors,  thedeaeratjing 
feed  tank,  and  other  inalor  units  in  the  condensate 
feed  system  are  discussed  in  detail  in  chapter  13  #f', 
this  text.  The  description  given  in  the  present  chapter 
Is  Intended  merely  to  provide  an  overall  view  of  the 
condensate  and  feed  system. 


water  is  heated  by  direct  contact  with  auxiliary 
exhaust  steam  and  is  deaerated;  the  water  (now 
called  feed  water)  is  puoqped  to  the  boiler  by  the 
main  feed  ptimpi  with  the  feed  booster  pump  pro- 
viding a  positive  suction  for  the  main  feed  pump. 

Meanwhile,  the  air  ejectors  are  being  used  to 
remove  air  and  other  noncondensalfle  gases  from 
the  condenser.  Condensatei  on  its  way  from  the 
main  condenser  to  the  deaerating  feed  tank^  is 
used  in  the  air  ejector  condensers  and  in  two 
other  exchangers  (the  gland  exhaust  condenser 
and  the  vent  condenser)  to  cool  and  condense  the 
steam  from  steam— air  mixtures  and  retiurn  the 
resulting  water  to  the  feed  system.  Note  that  the 
air  ejectors  remove  air  only  from  the  condenser, 
not  from  this  condensate  which  passes  through 
the  air  ejector  condenserSi  the  gland  exhaust 
condenser,  and  the  vent  condenser. 

Maketq;)  feed  water  from  reserve  feed  tanks 
or  from  a  makeup  feed  tank  is  brought  into  the 
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Figure  9-20.— Pressure-dosed  feed  system. 
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system  when  necessary.  A  mamially  operated 
makeup  feed  valve  is  provided  for  this  purpose. 
Makeup  feed  is  brought  into  the  condenser  by 
vacuum  drag.  Another  manually  operated  valve 
allows  excess  condensate  to  be  discharged  from 
the  condensate  line  to  the  reserve  feedtanks. 

Practically  all  naval  ships  have  more  than 
one  feed  water  sjrstem,  with  cross-connecting 
lines  and  valves  arranged  so  that  the  systems 
may  be  (q[>erated  either  split-plant  or  cross- 
connected.  When  warming  up  or  securing  one 
plant,  it  is  often  necessary  to  transfer  feed  wa- 
ter from  one  plant  to  another.  For  example,  it 
might  be  necessary  to  transfer  feed  water  from 
one  plant  to  another  so  that  one  plant  will  not 
have  to  take  on  ccfld  makeup  feed  while  another 
plant  is  discharging  hot  excess  feed. 

Since  reserve  feed  tanks  are  normally  f^led 
by  discharge  from  the  distilling  plant,  it  is  ael^' 
dom  necessary  to  transfer  feed  water  from  one 
reserve  feed  tank  to  another.  However,  piping 


system  arrangements  do  permit  this  transfer  to 
be  made  when  necessairy. 

In  discussing  the  condensate  andfeed  system, 
we  have  not  included  the  auxiliary  condenser  and 
its  associated  equipment.  It  should  be  notedthat 
the  auxiliary  condenser  fUnct  ions  in  the  same  way 
as  the  main  condenser  and  returns  water  to  the 
condensate  and  feed  system.  The  chief  difference 
between  main  and  auxiliary  condensers  is  that 
main  condensers  tiave  larger  capacity. 

STEAM  AND  FRESH  WATER  DRAINS 

Most  of  the  feed  water  in  a  shipboard  steam 
plant  is  recovered  sothatitcanbeused  over  and 
over  again  for  the  generation  of  steam.  As  we 
haye  seen,  steam  is  condensed  in  the  main  and 
amciliary  condensers  and  the  condensate  is  re- 
tmrned  to  the  feed  system.  Also^  the  auxiliary 
exhaust  steam  is  used  in  the  deaerating  feed 
tank  and  thus  becomes  part  of  the  feed  system. 


219 

223 


I 


PRINCIPLES  OF  NAVAL  ENGINEERING 


But  steam  is  used  throughout  the  ship  in  a 
good  deal  of  machinery,  equipment,  and  piping 
which  does  not  exhaust  either  to  a  condenser  or 
to  the  auxiliary  e^ust  system.  Therefore, 
steam  and  fresh  water  drain  systems  are  pro- 
vided so  that  water  can  be  recovered  and  put 
back  into  the  feed  system  after  it  has  been  used 
(as  steam)  in  fuel  oil  heaters,  distilling  plants, 
steam  catapult  systems,  water  heaters,  whistles, 
and  many  other  units  and  systems  throughout  the 
ship.  The  systems  of  piping  which  carry  the  wa- 
ter to  the  feed  systems,  and  also  the  water  car- 
ried in  the  systems,  are  known  as  drains. 

On  ships  built  to  Navy  specifications,  there 
are  four  steam  and  fresh  water  dralii  systems 
which  recover  feed  water  from  machinery  and 
piping:  (1)  the  high  pressure  steam  drainage  sys- 
tem, (2)  the  service  steam  drainage  system,  (3) 
the  oil  heating  drainage  system,  and  (4)  the  fresh 
water  drain  collecting  system.  In  addition,  a 
fifth  system  is  provided  for  collecting  contami- 
nated drains  which  cannot  be  returnedto  the  feed 
system.  These  five  systems  are  described  in  the 
following  paragraphs. 

The  high  pressure  steam  drainage  system 
generally  includes  drains  from  siqperheater 
headers,  throttle  valves,  main  and  auxiliary 
steam  lines,  steam  catapults  (on  carriers),  and 
other  steam  equipment  or  systenosixAiich  operate 
at  pressures  of  150  psi  or  above.  On  many  ships, 
the  high  pressure  drains  are  led  directly  into 
the  deaerating  feed  tank.  On  some  newer  ships, 
the  high  pressure  drains  go  into  the  auxiliary  ex- 
haust line  Just  before  the  auxiliary  exhaust  steam 
enters  the  deaerating  feed  tank.  In  either  case, 
of  course,  the  high  pressure  drainsendiqplnthe 
same  place— that  is,  in  the^  deaerating  feed  tank. 

The  service  steam  drainage  system  collects 
uncontamlnated  drains  from  low  pressure  (bdow 
150  psi)  steam  piping  systems  and  steam  equip- 
ment outside  of  the  machinery  spaces.  Space 
heaters  and  equipment  used  in  the  laundry,  the 
tailor  shop,  and  the  galley  are  typical  sources  of 
drains  for  the  service  steam  drainage  system. 
On  some  ships,  these  drains  are  discharged  Into 
the  most  convenient  fresh  water  drain  collecting 
tank.  On  other  ships,  particularly  onlarge  com- 
batant ships  such  as  carriers,  the  service  steam 
drains  discharge  to  special  service  steam  drain 
collecting  tanks  located  In  the  machinery  spaces. 
The  contents  of  the  service  steam  drain  ccdlec- 
ting  tanks  are  discharged  to  the  condensate  sys- 
tem; In  addition,  each  tank  has  gravity  drain  con- 
nections to  the  ftesh  water  drain  collecting  tank 


and  to  the  bilge  sump  tank  located  in  the  same 
space f 

Note  that  the  service  steam  drainage  system 
collects  only  clean  drains  which  are  suitable  for 
use  as  boiler  feed.  Contaminated  service  steam 
drains  (such  as  those  from  laundry  presses,  for 
example)  are  discharged  overboard. 

The  oil  heating  drainage  system  collects 
drains  from  the  steam  side  of  fuel  oil  heaters, 
fuel  oil  tank  heating  colls,  lubricating  oil  heaters, 
and  other  steam  equipment  usedtoheat  oil.  Since 
leakage  in  the  heating  equipment  could  cause  oil 
contamination  of  the  drains,  and  so  eventually 
cause,  oil  contamination  of  the  boilers,  these 
drains  are  collected  separately  andare  inspected 
before  being  discharged  to  the  feed  system. 

The  oil  heating  drains  are  collected  In  oil 
heating  drain  mains  and  are  then  discharged  to 
inspection  tanks.  In  ships  that  have  separate  en- 
ginerooms  and  flrerooms,  there  is  one  inspec- 
tion tank  in  the  fireroom  and  one  in  the  engine- 
room.  On  ships  that  have  machinery  rooms, 
rathei^  than  flrerooms  and  enginerooms,  each 
machinery  room  has  one  or  more  inspection 
tanks  for  the  oil  heating  drains.  The  inspection 
tanks  have  small  gage  glasses  or  glass  strips 
along  the  side  to  permit  inspection  of  the  drains. 
The  inspection  tanks  normally  discharge  to  the 
deaerating  feed  tank,  but  they  have  connections 
inAiich  allow  the  drains  to  be  discharged  to  the 
fresh  water  drain  collecting  tank. 

The  fresh  water  drain  collecting  system, 
often  called  low  pressure  drain  system,  collects 
drains  from  various  piping  systems,  machinery, 
and  equipment  which  operate  at  steam  pressures 
of  less  than  150  psi.  As  previously  noted,  both  the 
service  steam  drainage  system  and  the  oil 
heating  drainage  system  can  discharge  to  the 
fresh  water  drain  collecting  tank,  although  they 
normally  discharge  more  direcUy  to  the  feed 
system.  In  general,  the  fresh  water  drain  collec- 
ting system  collects  gravity  drains  (ppen-fiinnel 
or  sight-flow  drains),  tmrbine  gland  seal  drains, 
auxiliary  exhaust  drains,  air  ejector  after  con- 
denser drains,  and  a  variety  of  other  low  pres- 
sure drains  that  result  from  the  condensation  of 
steam  during  the  warming  up  or  operating  of 
steam  machinery  and  piping. 

Fresh  water  drains  are  collected  In  fresh 
water  drain  collecting  tanks  located  in  the  ma- 
chinery spaces.  The  contents  of  these  tanks  may 
enter  thd'^Ieed  system  in  two  ways:  they  may  be 
drawn  into -the  condenser  by  vacuum  drag,  or  In 
some  installations  they  may  be  pumped  to  the 
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condensate  system  just  ahead  of  the  deaerating 
feed  tank. 

A  contaminated  drainage  system  Is  Installed 
In  each  main  and  auxiliary  machinery  space 
where  dry  bUges  must  be  maintained.  The  con- 
taminated drainage  system  collects  oU  and  water 
from  machinery  and  piping  which  normally  has 
some  leakage,  and  also  collects  drainage  from 
any  other  services  which  may  at  times  be  con- 
taminated. The  contaminated  drains  are  collec- 
ted In  a  bilge  sumptanklocatedlnthe  machinery 
space  from  which  the  drains  are  being  collected. 
The  contents  of  the  bilge  sump  tank  are  removed 
by  the  bUge  drainage  system;  they  do  not  go  to 
the  feed  system. 

FUEL  OIL  SYSTEMS 

BoUer  fUel  oU  systems  aboard  ship  hidude 
fuel  oil  tankSi  fuel  oU  piping,  fuel  ollpumps»  and 
the  equipment  used  for  heating,  stralning»meas- 
urlng,  and  burning  fUel  oil. 

Three  main  kinds  of  tanks  are  usedfor  hold- 
ing boUer  fuel  oil:  (1)  storage  tanks,  (2)  service 
tanks,  and  (3)  contaminated  oil  settling  tanks. 

The  main  fuel  oil  storage  tanks  are  an  inte- 
gral part  of  the  ship's  structure.  They  may  be 
located  forward  and  aft  of  the  machinery  spaces, 
abreast  of  these  spaces,  and  in  double-bottom 
compartments.  However,  fuel  oil  storage  tanks 
are  never  located  hi  double-bottom  conqpart- 
ments  directly  under  boilers.  Some  fuel  oil  stor- 
age tanks,  called  fuel  oU  storage  or  ballast  tanks, 
have  connections  that  allow  them  to  be  filled  el- 
ther  with  fuel  oil  or  with  sea  water  from  the  bal- 
lasting system.  Other  fuel  oU  storage  tanks  are 
designated  as  fuel  oil  overflow  tai&s:  these  tanks 
receive  the  overflow  from  fUel  oil  storage  tanks 
which  are  not  fitted  with  independent  overboard 
overflows.  Overflow  tanks  which  can  also  be 
filled  with  sea  water  from  the  ballasting  system 
are  called  fuel  oil  overflow  or  ballast  tanks. 

Fuel  oU  is  taken  aboard  by  means  of  fueling 
trunks  or  special  connections  and  is  piped  into 
the  storage  tanks.  From  the  storage  tanks,  oil  is 
pumped  to  the  fuel  oU  service  tanks.  AllfUel  oil 
for  Immediate  uselsthendrawnfromtheservice 
tanks.  The  fuel  oil  service  anks  are  considered 
part  of  the  fuel  oil  service  system. 

Contaminated  oil  settling  tanks  are  used  to 
hold  oil  which  is  contaminated  with  wiater  or  oth- 
er impurities.  After  the  oil  has  settled,  the  un- 
burnable  material  such  as  water  and  sludge  Is 
pumped  out  through  low  suction  connections.  The 


burnable  oil  remaining  in  the  tanks  is  then  trans- 
ferred to  a  storage  tank  or  a  service  tank. 

The  contaminated  oil  settling  tanks  also 
serve  to  receive  and  store  oil  or  oily  water  im- 
til  it  can  be  discharged  overboard  without  viola- 
tion of  the  Oil  Pollution  Acts.8  These  Acts  pro- 
hibit the  overboard  discharge  of  oil  and  of 
water  containing  oil  in  port  and  in  prohibited 
zones  in  oceans  and  seas  throughout  the  world, 
ft  is  standard  practice,  therefore,  to  empty  the 
contaminated  oil  settling  tanks  before  coming  in- 
to port  or  into  a  prohibited  zone  so  that  the 
tanks  will  be  avaUable  for  storing  oU  and  oUy 
water  until  such  time  as  it  can  be  discharged 
overboard  or  to  barges. 

Fuel  oil  tanks  are  vented  to  atmosphere  by 
pipes  leading  from  the  tqp  of  the  tank  to  a  loca- 
tion above  decks.  The  vent  pipes  allow  the  es- 
cape of  vapor  when  the  tank  is  being  filled  and 
allow  the  entrance  of  air  when  the  tank  is  being 
emptied.  Most  fUel  oil  tanks  are  equipped  with 
manholes,  overflow  lines,  soundhig  tubes,  liquid 
level  indicators,  heating  colls,  and  lines  for 
filling,  emptying,  and  cross-connecting. 

The  fiiel  oil  piping  system  Includes  (1)  the 
fuel  oU  filling  and  transfer  system,  (2)  the  fuel 
oU  tank  stripping  system,  and  (3)  the  fuel  oU 
service  system.  The  fuel  oil  systems  are  ar- 
ranged hi  such  a  way  that  different  fuel  oil  pumps 
take  suction  from  the  tanks  at  different  levels. 
Stripphig  system  pumps  have  low  level  suction 
connections.  Fuel  oil  service  pumps  have  high 
suction  connections  from  the  fuel  oil  service 
tanks.  Fuel  oil  booster  and  transfer  pumps  take 
suction  above  the  stripping  system  pumps. 

The  fuel  oil  fllltog  and  transfer  system  is 
used  for  recelvbig  fUel  oil  and  flUhigthefuel  oil 
storage  tanks;  fillhig  the  fuel  oil  service  tanks; 
changUig  the  list  of  the  ship  by  transferring  oU 
between  port  tanks  and  starboardtanks;  changing 
the  trim  of  the  ship  transferrhig  oil  between 
forward  tanks  and  after  tanks;  discharging  oil 
for  fueling  other  ships;  and,  in  emergencies, 
transferrhig  fuel  oU  directly  to  the  suction  side 
of  the  fuel  oil  service  pumps. 

The  fillhig  system  on  small  ships  such  as 
destroyers  consists  of  a  trunk  fillhig  and  tank 
sluicing  arrangement.  Larger  steam-driven 
ships  have  pressure  filling  systems  which  are 


The  Oil  Poljution  Act  of  1924  (as  amended)  and  the 
Oil  Pollution  Act  of  1961  are  both  in  effect.  The  1961 
Act  broadens  and  extends  the  1924  Act. 
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connected  to  the  transfer  mains  so  that  the 
filling  lines  and  deck  connections  can  be  used 
both  for  receiving  and  for  discharging  fuel  oil. 
Pressure  filling  systems  qperate  with  a  mini- 
mum pressure  of  approxinuitely  40  psi  at  the 
deck  connections. 

In  general,  the  filling  and  transfer  system 
consists  of  large  mains  running  fore  and  aft;^ 
transfer  mains;  cross-connections;  risers  for 
taking  on  or  discharging  fuel  oU;  fuel  oU  booster 
and  transfer  pumps;  and  lines  and  manifolds 
arranged  so  that  the  fuel  oil  booster  and  trans- 
fer pumps  can  transfer  oil  from  one  tank  to 
another  and,  when  necessary,  can  deliver  fuel 
oil  to  the  suction  side  of  the  fuel  oil  service 
pumps. 

The  fuel  oil  tank  stripping  system  serves  to 
dear  fuel  oil  storage  tanks  and  fuel  oil  service 
tanks  of  sludge  and  water  before  oil  is  pumped 
from  these  tanks  by  fuel  oil  booster  and  transfer 
pumps  or  by  fuel  oU  service  pumps.  The  strip- 
ping system  is  connected  through  manifolds  to 
the  bilge  pump  or,  in  some  installations,  to 
special  stripping  system  pumps.  The  stripping 
system  discharges  the  contaminated  oil,  sludge, 
and  water  overboard  or  to  the  contaminated  oil 
settling  tanks. 

The  fuel  oil  service  system  includes  the  fuel 
oil  service  tanks,  a  service  main,  manifolds, 
piping,  fuel  oil  service  pumps,  meters,  heaters, 
strainers,  burner  lines,  and  other  items  needed 
to  deliver  fuel  oil  to  the  boUer  fronts  at  the  re- 
quired pressures  and  temperatures.  The  fuel  oil 
service  system  used  on  any  shk)  depends  partly 
on  the  type  of  fuel  oU  burners^  installed  on  the 
boUers.  Figure  9-21  illustrates  schematically 
a  fuel  oil  service  system  typically  found  on  ships 
having  double-furnace  boUers  and  straight- 
through-flow  atomizers  in  the  fuel  oil  burners. 
Figure  9-22  shows  the  fuel  oil  service  system 
for  the  forward  plant  of  the  frigates  DLG14  and 
DLG  15,  which  use  return-flow  atomizers  in  the 
tael  oil  burners.  As  may  be  seen  in  figure  9-22, 
a  system  of  this  type  requires  fuel  oU  return 
lines  as  well  as  fuel  oU  siqpply  lines.  Also,  the 
use  of  return-flow  atomizers  in  these  burners 
requires  a  fuel  oil  cooler  to  cool  the  oil  returned 
tram  the  burners.  The  cooler  (which  is  not  part 
of  the  fuel  oil  service  system  on  ships  that  do 
not  have  return-flow  atomizers)  serves  to  keep 


Fuel  oil  burners  are  discussed  in  chiqpter  10  of  this 
text. 


the  temperature  of  the  returned  fuel  oU  below 
the  flash  point. 

In  any  type  of  fuel  oil  service  system,  the 
suction  arrangements  for  oil  service  pumps 
allow  rapid  changes  of  pump  suction  from  one 
service  tank  (or  one  tank  group  manifold)  to 
another.  The  pump  suction  piping  is  arranged  to 
minimize  contamination  that  might  result  from 
one  service  pump  taking  suction  from  a  service 
tank  that  is  contaminated  with  water. 

Three  classes  of  fuel  oil  service  pumps  are 
conmionly  used:  main  fuel  oil  service  pumps, 
port  and  cruising  fuel  oU  service  pumps,  and 
hand  or  emergency  fuel  oil  service  pumps. 

Main  fuel  oil  service  pumps  are  usually 
screw-type  rotary  pumpsl^  that  tre  driven  by 
steam  turbines.  However,  other  types  of  pumps 
are  used  for  this  purpose  on  some  ships. 

Port  and  cruising  fuel  oil  service  pumps  on 
recent  snips  are  very  similar  to  the  main  ^uel 
oU  service  pumps  except  that  they  are  driven 
by  two-speed  electric  motors.  The  capacity  of 
these  pumps  can  be  adjusted  by  selecting  the 
required  speed  of  the  motor  and  also  by  using  a 
bypass  arrangement  to  recirculate  unused  oil 
from  the  pump  discharge  to  the  pump  suction.  \ 
On  older  ships,  the  port  and  cruising  fiiel  oU 
service  pumps  maybe  rotary  pumps  or  they  may 
be  axial-piston  variable-stroke  pumps;  in  either 
case,  they  are  normally  driven  by  electric  mo- 
tors rather  than  by  steam  turbines. 

Hand  or  emergency  fuel  oQ  service  pumps  ? 
are  used  on  some  ships  when  boilers  must  be 
lighted  off  and  neither  steam  nor  electric  power  I 
is  available.  Most  hand  or  emergency  fuel  oU 
service  pumps  are  herringbone  gear  pumps.  On 
recent  ships,  other  means  of  lighting  off  without 
steam  or  power  are  used,  and  the  hand  or  emer- 
gency fuel  oil  service  pump  is  not  required. 

The  fuel  oil  service  system  contains  a  num- 
ber of  valves,  all  of  which  are  important  to  the  : 
safe  and  efficient  operation  of  the  boUer.  The  j 
major  valves  in  the  fuel  oU  service  system 
shown  in  figure  9-20  are  listed  herebothto  give 
some  idea  of  the  complexity  of  the  fuel  oU  ser- 
vice system  and  to  indicate  the  degree  of  preci- 
sion required  of  operating  personnel  in  lining 
iQ),  operatbig,  securing,  and  controUbig  casual- 
ties in  the  Axel  oU  service  system. 


Basic  types  of  pumps  are  discussed  in  chapter  15  of  j 
this  text. 
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Figure  9-21.-Fuel  oil  service  system  on  ship  with  double  furnace  boilers 
having  stralght-through-now  atomizers. 


38.63 


Suction  and  discharge  valves  allow  the  pumps 
to  be  lined  up  for  the  delivery  of  ftiel  oil.  The 
remote-operaded  quick-closing  valve  in  the  sup- 
piy  main  on  the  discharge  side  of  the.fuel  oil 
service  pump  provides  a  means  fof  rapidly 
shutting  off  the  ftiel  oil  from  a  remote  location. 
The  remote  operating  gear  for  this  valve  is 
arranged  so  that  the  valve  may  be  operated 


from  two  places:  (1)  from  the  fuel  oil  pump 
itself,  and  (2)  from  the  fireroom  escape  trunk 
or  from  the  deck  above  and  near  the  access 
to  the  space.  Fuel  oil  meter  and  meter  bypass 
valves  allow  the  fuel  oil  meter  to  be  used  or 
t6  be  bypassed,  as  the  situation  requires;  the 
fuel  oil  meter  is  bypassed  when  oil  is  being 
recirculated.  A  fuel  oil  heater  bypass  valve 
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^        Figure  9-22.- Fuel  oil  service  system  for  forward  plant,  DLO  14  and  DLG  15. 
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is  installed  to  permit  bypassing  the  fuel  oil 
heaters  in  unusual  operating  situations.  Fuel 
oil  heater  valves  control  the  flow  of  oil  into 
the  heaters  and  permit  shifting  from  one  heater 
to  another. 

The  main  fuel  oil  valve  controls  the  flow 
of  fuel  oil  In  the  line  leading  to  each  boiler. 
The  emergency  quick-dosing  valve  can  be 
operated  from  both  the  upper  level  and  the 
lower  level  at  the  boiler  front.  In  some  installa- 
tions, a  latched-open  solenoid  valve,  arranged 
for  local  tripping,  is  installed  adjacent  to  each 
burner  siqpply  manifold;  where  a  solenoid  valve 
of  this  type  is  installed,  it  takes  the  place  of 
the  emergency  quick-closing  valve.  J' 

A  micrometer  valve  is  installed  at  the  top 
of  ea<^  burner  manifold.  The  micrometer  valve 
Is  used  for  the  manual  control  of  fuel  oil  pres- 
sure; thus  it  is  the  valv(5  that  controls  the  amount 


of  oil  being  burned  in  the  boiler  furnace.  From 
the  burner  manifold,  a  small  flexible  line  goes 
to  each  burner.  A  small  valve  called  a  burner 
root  valve  is  installed  in  each  burner  line  to 
permit  shutting  off  the  supply  of  oil  to  any  burner 
that  is  not  in  use.  And  finally,  an  atomizer 
valve  is  installed  on  each  burner  at  the  atomizer 
connection.  This  valve  allows  oil  to  go  through 
the  atomizer  and  be  sprayed  out  into  the  boiler 
furnace  in  such  a  way  that  combustion  cakes 
place. 

At  the  lower  end  of  each  burner  manifold, 
a  recirculating  valve  is  installed.  By  means  of 
these  valves  2md  the  recirculating  line,  fuel  oil 
can  be  returned  from  the  burner  manifold  to 
the -suction  side  of  the  fuel  oil  service  pump. 
The  recirculating  line  is  used  to  circulate  oil 
through  the  fuel  oil  heaters  and  thus  bring  the 
oil  up  to  the  proper  temperature  for  lighting 
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off.  A  clearing  line  branches  off  from  the  re- 
circulating line.  Valves  in  the  recirculating 
line  and  in  the  clearing  line  permit  fuel  oil  to 
be  discharged  to  the  suction  side  of  the  fuel  oil 
service  pump  or  to  the  contaminated  oil  settling 
tank  (or  overboard).  A  check  valve  in  the  re- 
circulating line  prevents  the  back  flow  of  oil 
from  the  fuel  oil  suction  main;  another  check 
valve  at  the  connection  cf  the  clearing  line  and 
the  contaminated  oil  settling  tank  prevents  back 
flow  from  the  contaminated'  oil  settling  tank 
through  the  clearing  line  and  into  the  recirculat- 
ing line. 

The  valves  just  listed  are  typically  found  in 
fuel  oil  service  systems  on  ships  which  use 
straight-through-flow  atomizers.  Where  return- 
flow  atomizers  are  used,  additional  valves  are 
required  in  the  fuel  oil  service  system  to  con- 
trol the  return  flow  of  oil  and  (in  some  installa- 
tions) to  control  the  flow  of  oil  through  a  cooler. 
Where  automatic  boiler  controls  are  installed, 
still  more  valves  are  required  in  the  fuel  oil 
service  system;  these  include  fuel  oil  siqpply 
and  return  valves  which  are  operated  by  the 
boiler  control  system. 

BALLASTING  SYSTEMS 

The  ballasting  system  allows  the  controlled 
flooding  of  certafh  designated  tanks,  when  such 
flooding  is  required  for  stability  control.  All 
tanks  that  are  designated  as  fuel  oil  and  ballast 
tanks  (and  also  certain  voids)  may  be  flooded 
by  the  ballasting  system.  Sea  water  is  used  for 
ballasting;  it  may  be  taken  from  the  firemain 
or  it  may  be  taken  directly  from  sea  chests. 

Combined  ballasting  and  drainage  systems 
are  arranged  so  that  all  designated  compart- 
ments  and  tanks  can  be  ballasted  either  separate- 
ly or  together  and  drained  either  separately  or 
together.  Drainage  pumps  or  eductors  are  used 
to  riemove  the  ballast  water. 

DIESEL  OIL  AND  JP-5  SYSTEMS 

Diesel  oil  systems  are  found  even  on  steam- 
driven  ships.  Ships  that  carry  large  supplies 
of  diesel  oil  have  fairly  complex  diesel  oil 
systems  which  are  quite  similar  to  the  boiler 
tuA  oil  systems  already  described.  Although 
the  diesel  oil  systems  are  separate  trbm  the 
boiler  fuel  oil  systems,  they  are  arrsinged  so 
that  the  diesel  oil  can  be  discharged  to  the  fuel 
oil  service  system  and  burned  in  the  boilerfur- 
nace  in  case  of  emergency. 


On  aircraft  carriers,  JP-5  aviation  fuel  can 
also  be  used  as  boiler  fuel  in  caseof  emergency. 
The  JP-5  system  is  separate  from  the  boiler 
fuel  oil  system  but  can  be  connected  so  as  to 
discharge  JP-5  to  the  fuel  oil  service  system. 

DISTILLATE  FUEL  SYSTEM 

The  Department  of  Defense  has  authorized 
the  Navy  to  convert  to  an  all-distillate  marine 
type  diesel  fuel  (Navy  Special  Distillate  Fuel) 
(NSDF)  to  replace  the  Navy  Special  Fuel  Oil 
(NSFO)  now  in  use  on  steam-driven  ships. 

Testing  is  now  being  conducted  on  gas  tur- 
bines and  diesel  engines  for  the  feasibility  of 
converting  the  Navy  to  a  ''one  fuel''  Navy  for 
logistic  simplicity  and  reduction  of  overall 
operating  costs. 

Piping  system  conversion  and  changes  will 
require  the  upgrading  and  validation  of  the 
existing  systems  on  all  ships  using  NSFO. 
Therefore,  all  instructions  issued  by  NavShips 
and  NavSec  shall  be  followed  in  upgrading  and 
validation  of  the  existing  NSFO  systems  before 
NSDF  can  be  introduced  into  the  system. 

Stability  and  buoyancy  will  also  be  affected 
due  to  the  variation  in  specific  gravity  of  NSFO 
(7.9  lbs/gal  average)  verses  NSDF  (7.2  lbs/gal 
average),  therefore,  solid  ballast  will  be  re- 
quired in  those  ships  which  are  now  near  the 
naval  architectural  limits  for  stability.  The 
existing  liquid  loading  instructions  which  specify 
sea  water  ballasting  of  empty  fuel  tanks  will 
still  remain  in  effect. 

MAIN  LUBRICATING  OIL  SYSTEMS 

Main  lubricating  oil  systems  on  steam- 
driven  ships  provide  lubrication  for  the  turbine 
bearings  and  the  reduction  gears.  The  main 
lube  oil  system  usually  includes  a  filling  and 
transfer  system,  a  purifying  system,  and 
separate  service  systems  for  each  propulsion 
plant.  On  most  ships,  each  lube  oil  service 
system  includes  three  positive-displacement 
lube  oil  service  pumps:  (1)  a  shaft-driven  pump, 
(2)  a  turbine-driven  pump,  and  (3)  a  motor- 
driven  pump.  The  shaft-driven  pump,  attached 
to  and  driven  by  either  the  propulsion  shaft  or 
the  quill  shaft  of  the  reduction  gear,  is  used 
as  the  regular  lube  oil  service  pump  when  the 
shaft  is  turning  fast  enough  so  that  the  pump . 
can  supply  the  required  lube  oil  pressure.  The 
turbine-driven  pump  is  used  while  the  ship  is 
getting  underway  and  is  then  used  as  standby 
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at  normal  speeds.  The  motor-driven  pump 
serves  as  standby  for  the  other  two  lube  oil 
service  pumps. 

Figure  9-23  illustrates  the  lube  oil  supply 
and  lube  oil  drain  piping  of  the  service  system 
on  the  frigates  DLG  14  and  DLG  15. 

COMPRESSED  AIR  SYSTEMS 

Completely  Independent  compressed  air  sys- 
tems with  individual  compressora  include  the 
high  pressure  air  system,  the  ship's  service 
air  system,  the  aircraft  starting  and  cooling 
air  system,  the  combustion  control  air  system, 
the  air  deballasting  system,  and  the  oxygen- 
nitrogen  producer  air  system.  For  other  ser- 
vices, air  is  taken  from  the  high  pressure 
system  or  from  the  ship's  service  air  system, 
as  required.  Air  is  provided  by  high  pressure, 
medium  pressure,  or  low  pressure  air  com- 
pressors, as  appropriate. 

The  high  pressure  air  system'  is  designed 
to  provide  air  above  600  psi  and  up  to  5000  psi 
for  charghig  air  banks  and,  at  required  pres- 
sures, for  services  such  as  missiles,  diesel 
engine  starting  and  control,  torpedo  charging, 
and  torpedo  workshops.  When  air  is  required 
for  these  services  at  less  than  the  system  pres- 
sure, the  outlet  from  the  high  pressure  air 
system  is  equipped  with  a  reducing  valve. 

Air  for  diesel  engine  starting  and  control 
is  provided  on  some  ships  by  a  medium  range 
compressure  at  a  pressure  of  600  psi  or  from 
the  high  pressure  system,  through  appropriate 
reducing  valves. 

The  ship's  service  compressed  air  system  is 
a  low  pressure  system  that  is  installed  on 
practically  all  surface  ships«  This  system  pro- 
vides compressed  air  at  the  required  pressure 
for  the  operation  of  pneumatic  tools,  the  opera- 
tion of  oil-burning  forges  and  funiaces,  the 
charging  of  pump  air  chambers,  the  cleaning 
of  equipment,  and  a  variety  of  other  uses.  The 
ship's  service  air  system  is  normally  designed 
for  a  working  pressure  of  100  psi;  on  ships 
such  as  tenders  and  repair  ships,  however, 
where  there  is  a  greater  demand  for  air,  the 
system  is  deisigned  for  a  higher  working  pres- 
sure (usuaUy  about  125  psi).  The  ship's  service 
air  system  is  normally  sujqplied  from  a  low 
pressure  air  compressor;  on  some  ships,  how- 
ever, the  system  may  be  supplied  from  a  higher 
pressure  system,  through  reducing  valV^s. 

An  aircraft  starting  and  cooling  air  system 
is  installed  on  aircraft  carriers.  This  system 


is  des^igned  to  provide  air  at  various  tempera- 
tures (50^  to  500^  F)  and  pressures  (48  psia  to 
62  psia)  by  gas  turbine.  The  system  supplies 
compressed  air  to  meet  the  conditions  of  starting 
and  cooling  aircraft  being  served. 

Combustion  control  air  systems  (more  pro- 
perly called  boiler  control  air  systems)  are 
installed  on  some  ships  to  provide  supply  air 
for  the  pneumatic  units  in  automatic  boiler 
control  systems.  A  boiler  control  air  system 
usually  consists  of  an  air  compressor,  an  air 
receiver,  and  the  piping  required  to  supply 
air  to  all  units  of  the  boiler  control  system 
On  some  older  ships,  compressed  air  for  the 
operation  of  the  boiler  controls  is  taken  from 
the  ship's  service  air  system,  through  reducing 
valVes. 

An  air  deballasting  system  is  provided  on 
some  ships  for  deballasting  by  air.  This  system 
is  designed  to  provide  large  quantities  of  air 
(7500  cubic  feet  per  minute)  at  low  pressure 
(200  psi).  All  compressors  discharge  to  a  com- 
mon air  loop  distribution  which  feeds  all  ballast 
tanks. 

Oxygen-nitrogen  producer  air  systems  are 
installed  on  aircraft  carriers  and  submarine 
tenders.  The  air  is  supplied  by  high  pressure 
air  compressors,  via  oil  filters  and  moisture 
separators,  directly  to  the  oxygen-nitrogen 
producer. 

FIREMAIN  SYSTEMS 

The  firemain  system  receives  waterpumped 
from  the  sea  and  distributes  it  to  fireplugs, 
sprinkling  systems,  flushing  systems,  auxiliary 
machinery  cooling  water  systems,  washdown 
systems,  and  other  systems  as  required. 

There  are  three  basic  types  of  firemain 
systems  used  on  naval  ships:  the  single  main 
system,  the  horizontal  loop  system,  and  the 
vertical  loop  system.  The  type  of  firemain 
system  installed  in  any  particular  ship  depends 
upon  the  characteristics  and  functions  of  the 
ship.  Small  ships  generally  have  single  main 
firemain  systems;  large  ships  usually  have 
one  of  the  loop  systems  or  a  composite  system 
which  is  some  combinatton  or  variatfon  of  the 
three  basic  types. 

The  single  main  firemain  system  consists 
of  one  main  which  extends  fore  and  aft.  The 
main  is  generally  installed  near  the  centerline 
of  the  ship,  extending  as  (kr  forward  and  as  far 
aft  as  necessary.  The  horizontal  loop  firemain 
system  consists  of  two  single  fore-and-aft 
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Figure  0*23.-- Lubricating  oil  service  system,  DIiG  14  and  DLG  15, 
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cross-connected  mains.  The  two  mains  are 
installed  in  the  same  horizontal  plane  but  are 
separated  athwartships  as  far  as  practicable. 
In  general,  the  tvfo  mains  are  installed  on  the 
damage  control  deck.  The  vertical  loopfiremain 
system  consists  of  two  single  fore-and-aft 
cross-connected  mains.  The  two  mains  are 
separated  both  athwartship  and  vertically.  As 
a  rule,  the  lower  main  is  located  below  the 
lowest  complete  watertight  deck  sind  the  upper 
main  is  located  below  the  highest  complete 
watertight  deck. 

FLUSHING  SYSTEMS 

The  shipboard  flushing  system  is  supplied 
with  sea  water  by  a  branch  from  the  firemain. 
On  very  small  ships,  a  separate  sanitary  and 
flushing  pump  is  provided  which  takes  suction 
from  the  sea.  When  the  flushing  system  is 
suppliedfromthe  firemain,  the  branch  is  taken 
as  near  the  top  of  the  main  as  possible  so  that 
sediment  from  the  firemain  will  not  enter  the 
flushing  system.  Since  the  firemain  pressure  is 
too  high  for  a  flushing  system,  the  water  is 
led  through  a  strainer  to  a  reducing  valve  which 
reduces  the  pressure  to  35  psi.  Air  chambers 
are  installed  in  the  flushing  system  where  it 
runs  to  urinals  and  water  closets;  the  air 
chambers  absorb  water  hammer  caused  by  the 
quick  closing  of  the  flush  valves  and  spring- 
closing  faucets. 

DRAINAGE  SYSTEMS 

The  drainage  system  aboard  ship  is  divided 
into  two  parts:  (1)  the  main  and  secondary  sys- 
tems, and  (2)  the  plumbing  and  deck  drains. 
Between  them,  these  systems  collect  and  dispose 
overboard  all  the  shipboard  waste  fluids. 

The  main  drainage  system  consists  of  piping 
Installed  low  in  the  ship,  with  suction  branches 
to  spaces  to  be  drained  and  direct  connections 
to  eductors  or  drainage  pumps.  This  system 
generally  serves  the  main  machinery  spaces 
and  a  few  other  spaces. 

The  secondary  drainage  system  supplements 
the  main  drainage  system  wherever  the  main 
drainage  system  cannot  be  extended  because  of 
interference  of  spaces  through  ^hich*the  passage 
of  piping  is  prohibited  or  because  tt^e  length  of 
piping  would  be  too  great  for  efficieht  drainage. 
Each  secondary  drainage  system  is  independent 
of  ^the  main  drainage  system  and  has  its  own 
pumps  or  eductors  and  its  own  sea  connections. 


Plumbing  and  deck  drains  are  divided  into 
two  groi5)s— soil  drains  and  waste  drains.  Soil 
drains  convey  fluids  from  urinals  and  water 
closets.  Waste  drains  convey  fluids  from  all 
other  plumbing  fixtures  and  deck  drains. 

SPRINKLING  SYSTEMS 

Sprinkling  systems  are  installed  aboard  ship 
in  magazines,  turret  handling  rooms,  hangar 
decks,  missile  spaces,  and  other  spaces  where 
flammable  materials  are  stowed.  Water  for 
these  systems  is  supplied  from  the  fireniain 
through  branch  lines. 

Most  sprinkling  systems  aboard  ship  are 
of  the  dry  type*-that  is,  they  are  not  charged  \ 
with  water  beyond  the  sprinkling  control  valves 
except  when  they  are  in  use.  Sprinkling  systems  ; 
in  magazines  which  contain  missiles  are  of  the  ; 
wet  type.  The  sprinkling  control  valves  in 
magazine  sprinkling  systems  are  operated  auto- 
matically  by  heat-  actuated   devices.  Other 
sprinkling  control  valves  are  operated  manually 
or  hydraulically,  either  locally  or  from  remote 
stations.  Tn  those  areas  of  the  ship  in  which 
major  flammable  liquid  fires  could  occur,  \ 
such  as  In  aircraft  hangars,  foam  sprinkling 
systems  are  provided.  ] 

WASHDOWN  SYSTEMS  j 

Washdown  systems  are  installed  aboard  ship  • 
for  the  purpose  of  removing  radioactive  con-  | 
tamination  from  the  topside  surfoces  of  a  ship,  j 
Essentially,  a  washdown  system  is  a  dry-pipe  \ 
sprinkler  system,  with  nozzles  especially  de- 
signed to  throw  a  large  spray  pattern  on  all 
weather  decks.  For  ships  under  construction 
or  conversion,  a  permanent  washdown  system 
is  installed;  for  ships  already  in  service,  ; 
interim  washdown  system  kits  are  provided  \ 
for  installation  by  ship's  force.  Tn  either  case, 
water  for  the  washdown  system  Is  supplied  | 
from  the  firemain.  j 

i 

POTABLE  WATER  SYSTEMS  | 

Potable  water  systems  are  designed  to  pro-  ; 
vide  a  constant  supply  of  potable  water  for  all  | 
ship's  service  requirements.  Potable  water  is,  * 
stored  in  various  tanks  throughout  the  ship.  ; 
The  system  is  pressurized  eitlier  by  a  pump 
and  pressure  tank  or  by  a  continuously  opera- 
ting  circulating  pump.  The  potable  water  system  ; 
supplies  scuttlebutts,  sinks,  showers,  scullery. 
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and  galley,  as  well  as  providing  makeup  water 
for  various  fresh  water  cooling  systems. 

HYDRAULIC  SYSTEMS 

Hydraulic  systems  are  used  aboard  ship  to 
operate  steering  gear,  anchor  windlasses,  hy* 
draulic  presses,  remote  control  valvos,  and 
other  units.ll  Hydraulic  systems  operate  on  the 
principle  that,  since  liquids  are  noncompres- 
sible,  force  exerted  at  any  point  on  an  enclosed 
liquid  is  transmitted  equally  in  all  directions. 
Hence  a  hydraulic  system  permits  the  accom- 
plishment of  a  great  amount  of  work  with  re- 
latively litUe  effort  on  the  part  of  shipboard 
personnel. 

The  medium  used  to  transmit  and  distribute 
forces  in  hydraulic  systems  maybe  a  petroleum- 
base  product  (hydraulic  oil)  or  a  pure  phosphate 
ester  fluid.  Phosphate  ester  fluid  is  more  re- 
sistant to  fire  and  explosion  than  the  petroleum- 
base  oil  that  was  used  in  all  hydraulic  systems 
until  fairly  recently.  Phosphate  ester  fluid  is 
now  used  in  aircraft  carrier  elevators,  surface 
ship  missile  systems,  jet  blast  deflectors, 
seaplane  servicfaig  booms,  high  pressure  sub- 
marine systems,  and  all  hydraulic  systems 
operating  at  pressures  of  more  than  500  psi 
in  new  construction  and  conversion  surface 
ships. 


METHODS  OF  PROPULSION 
PLANT  OPERATION 

The  major  engineering  systems  on  most 
naval  ships  are  provided  with  cross-connections 
which  allow  the  engineering  plants  to  be  opera- 


^^Many  hydraulically  operated  units  are  discussed  in 
chapter  21  of  this  text. 


ted  either  independently  (split-plant)  or  together 
(cross- connected).  In  cross-connected  opera- 
tion, boilers  may  supply  steam  to  propulsion 
turbines  which  they  do  not  serve  when  the  plant 
is  split.  In  split-plant  operation,  the  boilers, 
turbines,  pumps,  blowers,  and  other  machinery 
are  so  divided  that  there  are  two  or  more 
separate  and  complete  engineering  plants. 

Cross-connected  operation  was  formerly 
standard  for  peacetime  steaming,  and  split- 
plant  operation  was  used  only  when  maximum 
reliability  was  requlred^as,  for  examifle,  when 
a  ship  was  operating  in  enemy  waters  in  time 
of  war,  operating  in  heavy  seas,  maneuvering 
in  restricted  waters,  or  engaged  in  underway 
fueling.  However,  the  greater  reliability  of 
split-plant  operation  has  led  to  its  increasing 
use.  At  the  present  time,  split-plant  operation 
is  the  standard  method  of  underway  operation 
•  for  most  naval  ships;  cross-connected  opera- 
tion is  used  for  in-port  steaming  but  is  rarely 
used  for  underway  steaming. 

On  some  ships  the  engineering  plants  can  be 
operated  by  a  method  known  as  group  operation. 
For  example,  the  USS  Forrestal.  CVA  59|  has 
four  separate  propulsion  plants.  The  two  for- 
ward plants  (No.  1  and  No.  4)  constitute  the 
forward  group  and  the  two  after  plants  (No.  2 
and  No.  3)  constitute  the  after  group.  Although 
each  of  these  four  plants  is  normally  used  for 
the  independent  (split-plant)  operation  of  one 
shaft,  the  boilers  in  any  one  plant  can  be  cross- 
connected  to  supply  steam  to  the  turbines  in  the 
other  plant  in  the  same  group.  While  underway, 
therefore,  the  boilers  in  the  No.  1  plant  can  be 
cross- connected  to  siqpply  steam  to  the  No.  4 
plant,  although  they  cannot  be  cross-connected 
to  supply  steam  to  the  two  plants  in  the  other 
grotqp.  For  in-port  operation,  any  boiler  can  be 
cross- connected  to  suiqply  steam  to  any  turbo- 
generator and  to  all  other  steam-driven  auxili- 
aries. 
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CHAPTER  10 

PROPULSION  BOILERS 


bi  the  conventional  steam  turbine  prqpulsion 
plant,  the  boiler  is  the  source  or  high  tempera- 
ture region  of  the  thermodynamic  cyde.  The 
steam  that  is  generated  in  the  boiler  is  led  to 
the  propulsion  turbines,  where  its  thermal 
energy  is  converted  into  mechanical  energy 
which  drives  the  ship  and  provides  power  for 
vital  services. 

In  essence,  a  boiler  is  merely  a  container 
in  which  water  can  be  boiled  and  steam  gen- 
erated. A  teakettle  on  a  stove  is  basically  a 
boiler,  although  a  rather  inefficient  one.  In 
designing  a  boiler  to  produce  a  large  amount 
of  steam,  it  is  obviously  necessary  to  find  some 
means  of  providing  a  larger  heat  transfer  sur- 
face than  is  provided  by  a  vessel  shaped  like  a 
teakettle.  In  most  modern  boilers,  the  steam 
generating  surface  consists  of  between  one  and 
two  thousand  tubes  which  provide  a  maximum 
amount  of  heat  transfer  surface  in  a  relatively 
small  space.  As  a  rule,  the  tubes  communicate 
with  a  steam  drum  at  the  top  of  the  boiler  and 
with  water  drums  and  headers  at  the  bottom  of 
the  boiler.  The  tubes  and  part  of  the  drums  are 
enclosed  in  an  insulated  casing  which  has  space 
inside  it  for  a  furnace.  As  we  will  see  presently, 
a  boiler  appears  to  be  a  fairly  complicated  piece 
of  equipment  when  it  is  considered  with  all  its 
fittings,  piping,  and  accessories,  ft  may  be  help- 
ful, therefore,  to  remember  that  the  basic  com- 
ponents of  a  saturated-steam  boiler  are  merely 
the  tubes  in  which  steam  is  generated,  the  drums 
and  headers  in  which  water  is  contained  and 
steam  is  collected,  and  the  ftirnace  in  which 
combustion  takes  place. 

Practically  all  boilers  used  in  the  propulsion 
plants  of  naval  ships  are  designed  to  produce 
both  saturated  steam  and  stq[>erheated  steam. 
To  our  basic  boiler,  therefore,  we  mustnow'dydd 
another  component:  the  superheater.  The  super- 
heater on  most  boilers  consists  of  headers, 
usually  located  at  the  back  or  at  the  bottom  of 


the  boiler,  and  a  number  of  superheater  tubes 
which  communicate  with  the  headers.  Saturated 
steam  from  the  steam  drum  is  led  through  the 
superheater;  since  the  steam  is  now  no  longer 
in  contact  with  the  water  from  which  it  was  gen- 
erated, the  steam  becomes  superheated  without 
any  appreciable  increase  in  pressure  as  addi- 
tional heat  is  supplied,  bi  some  boilers,  there  is 
a  separate  superheater  furnace;  in  others,  the 
superheater  tubes  project  into  the  same  furnace 
that  is  used  for  the  generation  of  saturated 
steam. 

Some  question  may  arise  concerning  the  need 
for  both  saturated  steam  and  superheated  steam. 
Many  steam-driven  auxiliaries— particularly  if 
they  have  reciprocating  engines— require  satu- 
rated steam  for  the  lubrication  of  the  moving 
parts  of  the  driving  machine.  The  propulsion 
turbines,  on  tlie  other  hand,  and  many  auxiliaries 
as  well,  perform  much  more  efficiently  when 
superheated  steam  is  used.  There  is  more  avail- 
able energy  in  superheated  steam  than  in  satu- 
rated steam  at  the  same  pressure,  and  the  use  of 
higher  temperatures  vastly  increases  the  ther- 
modynamic efficiency  of  the  propulsion  cycle 
since  the  efficiency  of  a  heat  engine  depends  upon 
the  absolute  temperature  at  the  source  (boiler) 
and  at  the  receiver  (condenser),  hi  some  in- 
stances, the  gain  in  efficiency  resulting  from  the 
use  of  superheated  steam  may  be  as  much  as  15 
percent  for  200  degrees  of  superheat.  This  in- 
crease in  efficiency  is  particularly  important  for 
naval  ships  because  it  allows  substantial  savings 
in  ftiel  consumption  and  in  space  and  weight  re- 
quirements. A  further  advantage  in  using  super- 
heated steam  for  propulsion  turbines  is  that  it 
causes  relatively  little  erosion  or  corrosion 
since  it  is  tree  of  moisture. 

BOILER  DEFINITIONS 

Jn  order  to  ensure  accuracy  and  tmiformity 
in  the  use  of  boiler  terms,  the  Naval  Ship  Systems 
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Command  has  established  a  number  of  standard 
definitions  relating  to  boilers.  Since  these  terms 
are  quite  v^idely  used/  the  student  will  find  it 
helpful  to  understand  the  following  terms  and 
to  use  them  correctly. 

BOILER  FULL-POWER  CAPACITY. --The 
total  quantity  of  steam  required  to  develop  con- 
tract shaft  horsepower  of  the  ship,  divided  by 
the  number  of  boilers  installed  in  the  ship,  gives 
boiler  full-power  capacity.  Boiler  full-power 
capacity  is  eiqpressed  as  the  number  of  pounds 
of  steam  generated  per  hour  at  a  specified  pres- 
sure and  temperature.  Boiler  fUll-power  capac- 
ity is  listed  in  the  design  data  section  of  the 
manufacturer's  technical  manual  for  the  boilers 
on  each  ship;  it  may  be  listed  as  capacity  at  fUll 
power  or  as  designed  rate  of  actual  evaporation 
per  boiler  at  Ml  power. 

BOILER  OVERLOAD  CAPACITY. -BoUer 
overload  capacity  is  usually  120  percent  d 
boiler  full-power  capacity.  Boiler  overload 
capacity  is  listed  in  the  design  data  section  d 
the  manufacturer's  technical  manual  for  the 
boilers;  it  may  be  listed  as  boiler  overload 
capacity  or  as  fiill  power  plus20percent. 

SUPERHEATER  OUTLET  PRESSURE. -Su- 
perheater outlet  pressure  is  the  actual  steam 
pressure  carried  at  the  superheater  outlet. 

STEAM  DRUM  PRESSURE.-Steam  drum 
pressure  is  the  pressure  actually  carried  in  the 
boiler  steam  drum. 

OPERATING  PRESSURE. -Operating  pres- 
sure is  the  constant  pressure  at  which  the  boiler 
is  operated  in  service.  Depending  upon 'various 
factorsi  chiefly  design  features  oftheboilerithe 
constant  pressure  may  be  carried  at  the  steam 
drum  or  at  the  superheater  outlet.  Operating 
pressure  is  specified  in  the  design  of  the  boiler 
and  is  given  in  the  manufacturer's  technical 
manual.  Operating  pressure  is  the  same  as 
superheater  outlet  pressure  or  steam  drum 
pressure  (depending  upon  which  is  used  as  the 
contrdlling  pressure)  only  when  the  boiler  is 
operating  at  ftill-power  capacity^  for  combatant 
ships^  or  some  other  specified  ratei  for  other 
ships.  When  the  boUer  is  operating  at  less  than 
full-power  capacity  (or  other  specif ied  rate)i 
the  actual  pressure  at  the  steam  drum  or  at  the 
superheater  outlet  will  vary  from  the  designated 
operating  pressure. 


DESIGN  PRESSURE.-Design  pressure  is  the 
pressure  specified  by  the  boiler  manufacturer 
as  a  criterion  for  boiler  design.  It  is  often 
approximately  103  percent  of  steam  drum  pres- 
sure. Operating  personnel  seldom  have  occasion 
to  be  concerned  with  design  pressure;  the  term 
is  noted  here  because  there  is  a  good  deal  of 
confusion  between  design  pressure  and  operating 
pressure.  The  two  terms  do  not  mean  the  same 
thing. 

DESIGN  TEMPER ATURE.-Design tempera- 
ture is  the  intended  maximum  operating  tem- 
perature at  the  superheater  outlet,  at  some 
specified  rate  of  operation.  The  specified  rate 
of  operation  is  normally  full-power  capacity  for 
combatant  ships. 

OPERATING  TEMPERATURE.-Operating 
temperature  is  the  actual  temperature  at  the 
superheater  outlet.  As  a  rulei  operating  tem- 
perature is  the  same  as  design  temperature 
only  when  the  boiler  is  operating  at  the  rate 
specified  in  the  definition  of  design  temperature. 

BOILER  EFFICIENCY. -The  efficiency  of  a 
boiler  is  the  ratio  of  the  Btu  per  pound  of  fuel 
absorbed  by  the  water  and  steam  to  the  Btu  per 
pound  of  fuel  fired.  In  other  words,  boUer  effi- 
ciency is  output  divided  by  input,  or  heat  uti- 
lized divided  by  heat  available.  Boiler  efficiency 
is  e^ressed  as  a  percentage. 

FIREROOM  EFFICIENCY.-BoUer  Efficien- 
cy correctedfor  blower  and  pump  steam  con- 
sumption is  called  fireroom  efficiency.  Note: 
Fireroom  efficiency  is  NOT  boiler  plant  effi- 
ciency or  propulsion  plant  efficiency. 

STEAMING  HOURS.-The  term  steaming 
hours  is  used  to  include  all  time  during  which 
the  boiler  has  fires  lighted  for  raising  steam 
and  all  time  during  which  steam  is  being  gen- 
erated. Time  during  which  fires  are  not  lighted 
is  not  included  in  steaming  hours. 

HEATING  SURFACES.-The  total  heating 
surface  of  a  boiler  includes  all  parts  of  the 
boiler  which  are  e^qposedononesidetothe  gases 
of  combustion  and  on  the  other  side  to  the  water 
and  steam  being  heated.  Thus  the  total  heating 
surface  equals  the  sum  of  the  generating  surface^ 
the  superheater  surfacei  and  the  economizer 
surface.  All  heating  surfaces  are  measured  on 
the  combustion  gas  side. 
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The  generating  surface  is  that  part  of  the 
total  heating  surface  in  which  water  is  being 
heated  and  steam  is  being  generated.  The  gen- 
erating surface  includes  the  generating  tubes, 
the  water  wall  tubes,  the  water  screen  tubes, 
and  any  water  floor  tubes  that  are  not  covered 
by  refractory  material* 

The  superheater  surface  is  that  part  of  the 
total  heating  surface  in  which  the  steam  is 
siiperheated  after  leaving  the  boiler  steam  dnmi. 

The  economizer  surface  is  thatportion  of  the 
total  heating  surface  in  which  the  feed  water  is 
heated  before  it  enters  the  generatingpartof  the 
boiler* 

DESUPERHEATERS.— On  boUers  with  non- 
controlled  superheaters,  all  steam  is  super- 
heated but  a  small  amount  is  redirected  through 
a  desuperheater  line.  The  desuperheater  can  be 
located  in  either  the  water  drum  or  the  steam 
drum;  most  generallyi  the  desuperheater  will  be 
found  in  the  steam  drum  below  the  normal  water 
level.  The  purpose  of  the  de8iq>erheater  is  to 
lower  the  siq;>erheated  steam  temperature  back 
to  or  close  to  saturated  steam  temperature  for 
the  praper  steam  lubrication  of  the  auxiliary 
machinery.  The  desuperheater  is  most  generally 
an  ''S"  shaped  tube  bundle  that  is  flanged  to  the 
superheater  outlet  on  the  inlet  side  and  the 
auxiliary  steam  stop  on  the  outlet  side. 

BOILER  CLASSIFICATION 

Although  boilers  vary  considerably  in  details 
of  design,  most  boUers  may  be  classified  and 
described  in  terms  at  a  few  basic  features  or 
characteristics.  Some  knowledge  of  these  meth- 
ods of  classification  provides  a  useful  basis  for 
understanding  the  design  and  construction  of  the 
various  types  of  modern  naval  boilers. 

Location  of  Fire  and  Water  Spaces 

One  basic  classification  of  boilers  is  made 
according  to  the  relative  location  of  the  fire  and 
water  spaces.  By  this  method  of  classification, 
all  boilers  may  be  divided  into  two  classes:  fire- 
tube  boUers  and  water-tube  boUers.  Inf  bre-tube 
boUers,  the  gases  of  combustion  flowthrough  the 
tubes  and  thereby  heat  the  water  which  sur- 
rounds the  tubes.  In  water-tube  boUers,  the 
water  flows  through  the  tubes  and  is  heated  by 
the  gases  of  combustion  that  fill  the  furnace  and 
heat  the  outside  metal  surfaces  of  the  tubes. 

All  boUers  vised  in  the  propulsion  plants  of 
modem  naval  ships  are  of  the  water-tube  type. 
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Fire-tube  boUers^  were  once  used  extensively 
in  marine  installations  and  are  still  used  in  the 
prqinilsion  i^ants  of  some  older  merchant  ships. 
However,  fire-tube  boUers  are  not  suitable  for 
use  as  propulsion  boUers  in  modem  naval  ships 
because  of  their  excessive  weight  and  size,  the 
excessive  length  of  time  required  to  raise  steam, 
and  their  inabUity  to  meet  demands  for  rapid 
changes  in  load.  The  only  fire-tube  boUers  cur- 
renUy  in  naval  use  are  some  small  auxUiary 
boUers.^ 

Type  of  Circulation 

Water-tube  boUers  are  further  classified 
according  to  the  cause  of  water  circulation.  By 
this  mode  of  classification,  we  have  natural 
circulation  boUers  and  controlled  circulation 
boUers. 

In  natural  circulation  boUers,  the  circulation 
of  water  depends  on  the  difference  between  the 
density  of  an  ascending  mixture  of  hot  water  and 
steam  and  a  descending  body  of  relatively  cool 
and  steam-free  water.  The  difference  in  density 
occurs  because  the  water  esgpands  as  it  is  heated 
and  thus  becomes  less  dense.  Another  way  to 
describe  natural  circulation  is  to  say  that  it  is 
caused  by  convection  currents  which  result  from 
the  uneven  heating  of  the  water  contained  in  the 
boUer. 

Natural  circulation  may  be  either  free  or 
accelerated.  Fii^e  10-1  illustrates  free  natural 
circulation.  Note  that  the  generating  tubes  are 
instaUed  at  a  slight  angle  of  inclination  which 
allows  the  lighter  hot  water  and  steam  to  rise 
and  the  cooler  and  heavier  water  to  descend. 
When  the  generating  tubes  are  installed  at  a 
greater  an^e  of  inclination,  the  rate  of  water 
circulation  is  definitely  increased.  Therefore, 
boUers  in  which  the  tubes  slqpe  quite  steeply 
from  steam  drum  to  water  drum  are  said  to 
have  accelerated  natural  circulation.  This  type 
of  circulation  is  Ulustrated  infigurelO-2. 

Most  modem  naval  boUers  are  designed  for 
accelerated  natural  circulation.  In  suchbcUers, 
large  tubes  (3  or  more  inches  in  diameter)  are 


^A8,  for  example,  the  old  "Sootch  marine  boiler." 

^Auxiliary  boUers  (some  water-tube*  some  fire-tube) 
are  installed  in  diesel-driven  ships  and  in  many  steam- 
driven  combatant  ships.  They  are  usedto  supply  steam 
or  hot  water  for  galley,  and  other  *1iotel**  services 
and  for  other  auxiUary  requirements  in  port. 
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Figure  10-l.^Natural  circulation  (free  type). 

installed  between  the  steam  drum  and  the  water 
drums.  These  large  tubes,  called  downcomers. 
are  located  outside  the  furnace  and  away  from 
the  heat  of  combustion,  thereby  serving  as  path- 
ways for  the  downward  flow  of  relatively  cod 
water.  When  a  sufficient  nmuber  of  downcomers 
are  installed,  all  sm!ill  tubes  can  be  generating 
tubes,  carrying  steam  and  water  upward,  and  all 
downward  flow  can  be  carried  by  the  down- 
corners.  The  size  and  number  of  downcomers 
Installed  varies  from  one  type  of  boUer  to  an- 
other, but  some  are  Installed  on  all  modern  naval 
boUers. 

Controlled  circulation  boUers  are,  as  their 
name  Implies,  quite  different  In  design  from  the 
boilers  that  utUize  natural  circulation.  Con- 
trolled circulation  boUers  depend  upon  pumps, 
rather  than  upon  natural  differences  in  density, 
for  the  circulation  of  water  within  the  boUer. 
Because  controlled  circulation  boUers  are  not 
limited  by  the  requirement  that  hot  water  and 
steam  must  be  allowed  to  flow  upward  whUe 
cooler  water  flows  downward,  a  great  variety  of 
arrangements  may  be  found  in  controlled  circu- 
lation boUers. 

Contrcdled  circulation  boUers  have  been  used 
in  a  few  naval  ships  during  the  past  few  years. 
In  general,  however,  they  are  still  considered 
more  or  less  e3q;>erlmental  for  naval  use. 


Arrangement  of  Steam  and 
Water  Spaces 

Natural  circulation  boUers  are  classified  as 
drum-type  boUers  or  as  header-type  boUers, 
depending  upon  the  arrangement  of  the  steam 
and  water  spaces.  Drum-type  boUers  have  one 
or  more  water  drums  (and  usually  one  or  more 
water  headers  as  well).  Header-type  boUers 
have  no  water  drum;  instead,  the  tubes  enter  a 
great  many  water  headers. 

What  is  a  header,  and  what  Is  the  difference 
between  aheader  and  a  drum?  The  term  HEADER 
is  commonly  used  In  engineerlngto  describe  any 
tube,  chamber,  drum,  and  slmUar  piece  to  which 
a  series  oftubes  orpins  are  connected  In  such  a 
way  as  to  permit  the  flow  of  fluid  from  one  tube 
(or  group  of  tubes)  to  another.  Essentially,  a 
header  Is  a  type  of  manifold.  As  far  as  boUers 
are  concerned,  the  only  distinction  between  a 
drum  and  a  header  Is  the  distinction  of  size. 
Drums  are  larger  than  headers,  but  both  serve 
basically  the  same  purpose. 

Drum-type  boUers  are  further  classified 
according  to  the  overall  configuration  of  the 
boUer,  with  particular  regard  to  the  shape 
formed  by  the  steam  and  water  spaces.  For 
example,  double-fUrnace  boUers  are  often  called 
"M-type  boUers''  because  the  arrangement  of 
tubes  Is  roughly  M-shaped.  Single-furnace 
boUers  are  often  called  ^'D-type  boUers''  be- 
cause the  tubes  form  (roughly)  the  letter  D.3 

Number  of  Furnaces 

All  boUers  that  are  now  commonly  used  In 
the  propulsion  plants  of  naval  ships  may  be 
classified  as  being  either  single-furnace  boUers 
or  double-fUrnace  boUers.  The  D-type  boUer  Is 
a  single-furnace  boUer;  the  M-type  boUer  is  a 
double-furnace  (or  dlvlded-fUrnace)  boUer. 

Furnace  Pressure 

Recent  developments  in  naval  boUers  make  it 
convenient  to  classify  boUers  on  the  basis  of  the 


An  interesting  variation  in  this  terminologyooourred 
when  the  slngle-fumaoe  or  D-type  boiler  became 
standard  for  steams-driven  destroyer  escorts  andthus 
subsequently  became  known  as  a  **DE-type  boiler." 
The  term  **DE-type  boiler**  is  still  used  rather  freely; 
its  use  should  be  discouraged^  however,  as  this  gen- 
eral type  of  boiler  is  now  installed  on  many  ships 
other  than  destroyer  escorts. 
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Figure  10-2.— Natural  circulation 
(accelerated  type). 

air  pressure  used  in  the  ftirnace.  Most  boilers 
now  in  use  in  naval  propulsion  plants  operate 
with  a  sligbt  air  pressure  (seldom  over  lOpsig) 
In  the  boUer  furnace.  This  slight  pressure,  which 
results  from  the  use  of  forced  draft  blowers  to 
supply  combustion  air  to  the  boilers,  is  not  suf- 
ficient to  warrant  calling  these  boUers  ''pres- 
surized-furnace  boilers.''  However,  a  new  type 
of  boiler  has  recently  appeared  on  the  scene  and 
is  being  installed  in  some  ships.  This  new  boUer 
is  truly  a  pressurized-fumace  boiler,  since  the 
furnace  is  mahitahied  under  a  positive  air  pres- 
sure of  approxhnately  65  psia  (about  50  psig) 
when  the  boUer  is  operating  at  fiill  power.  The 
air  pressure  in  the  furnace  is  maintained  by  a 
special  air  compressor.  Hence  we  must  now 
make  adistinction  between  this  newpressurized- 
fumace  boiler,  on  the  one  hand,  and  all  other 
naval  propulsion  boilers,  on  the  other  hand,  with 
respect  to  the  pressure  maintained  in  the  fur- 
nace. 

Type  of  Superheater 

On  almost  all  boUers  currently  used  in  the 
propulsion  plants  of  naval  ships,  the  superheater 
tubes  are  protected  ftom  radiant  heat  by  water 
screen  tubes.  The  water  screen  tubes  absorb 
the  intense  radiant  heat  of  the  fUmace,  and  the 
superheater  tubes  are  heated  by  convection 
currents  rather  than  by  radiation.  Hence,  thift 
superheaters  are  referred  toas  convection-type 
superheaters. 

On  a  few  older  ships,  the  siqperheater  tubes 
are  not  screened  by  water  screen  tubes  but  are 


esqposed  directly  to  the  radiant  heat  of  the  fur- 
nace. Superheaters  of  this  kind  are  called 
radiant-type  superheaters.  Although  radiant- 
type  superheaters  are  rarely  used  at  present,  it 
is  possible  that  they  may  come  into  use  again  in 
future  boiler  designs. 

Control  of  Superheat 

A  boiler  which  provides  some  means  of  con- 
trolling the  degree  of  superheat  independently  of 
the  rate  of  steam  generation  is  said  to  have 
controlled  superheat.  A  boUer  in  which  such 
separate  control  is  not  possible  is  said  to  have 
uncontrolled  superheat. 

UntU  recently,  the  term  superheat  control 
boiler  was  used  to  identify  a  douUe-furnace 
boiler  and  the  term  uncontrolled  superheat 
boUer  (or  no  control  superheat  boUer)  was  used 
to  identify  a  single-furnace  boiler.  Most  double-  . 
furnace  boilers  now  in  use  do,  in  fact,  have 
controlled  superheat,  and  most  shigle-ftumace 
boU^rs  do  not  have  contrdlled  superheat  How- 
ever, recent  developments  inboller  design  make 
superheat  control  independent  of  the  number  of 
furnaces  in  the  boUer.  Single-furnace  boUers 
WITH  contrdlled  superheat  and  douUe-furnace 
boUers  WITHOUT  controUed  siiperheat  are  both 
possible.  The  time  has  come,  therefore,  to  stop 
relating  the  number  of  furnaces  in  aboUer  to 
the  control  (or  lack  of  control)  of  sqperheat.  ; 

Operating  Pressure 

For  some  purposes  it  is  convenient  to  das-  i 
sify  boUers  according  to  operating  pressure. 
Most  classifications  of  this  type  are  approximate  [ 
rather  than  exact.  Header-type  boUers  and  some  - 
older  drum-t]npe  boUers  are  often  called  ''400- 
psi  boUers''  eventhoughthepperatingpressures 
may  range  from  300  psi  (or  even  lower)  to  about 
450  psi.  The  term  ''600-psi  boUer*'  is  often 
applied  to  various  double-furnace  and  single- 
furnace  boUers  with  pperathig  pressures  ranghig 
from  about  435  psi  to  about  700  psi. 

The  term  ''high  pressure  boUer''  isatpres- 
ent  used  rather  loosely  to  identify  any  boUer 
that  cqperates  at  substantially  higher  pressure 
than  the  so-called  ''600-psi  boUers.''  bi  gen- 
eral, we  wiU  consider  any  boUer  that  operates 
at  751  psi  or  above  as  a  high  pressure  boUer. 
A  good  many  boUers  recently  instaUed  on  naval 
ships  operate  at  approximately  1200  psi;  for 
some  purposes,  it  is  convenient  to  group  these 
boUers  together  and  refer  to  them  as''1200-psi 
boUers." 
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As  maybe  seen,  classifying  boilers  by  oper- 
ating pressure  is  not  very  precise,  since  actual 
operating  presstires  may  vary  widely  within  one 
groiip.  Also,  any  classification  based  onqperat- 
ing  pressure  may  easily  become  obsolete.  What 
is  called  a  high  pressure  boiler  today  mig^t  well 
be  called  a  low  pressure  boiler  tomorrow. 

BOILER  COMPONENTS 

Most  propulsion  boilers  now  used  by  the 
Navy  have  essentially  the  same  conqponents: 
steam  and  water  drums,  generating  and  circu- 
lating tubes,  siq>erheaters,  economizers,  fuel 
oil  burners,  furnaces,  casings,  siq[>ports,  and  a 
number  of  accessories  and  fittings  required  for 
boiler  operation  and  control.  The  basic  com- 
ponents of  boilers  are  described  here.  In  later 
sections  of  this  chapter  we  will  see  how  the 
components  are  arranged  to  form  various  com- 
mon types  of  naval  propulsion  boilers. 

Drums  and  Headers 

Drum-type  boilers  are  installed  in  the  ship 
in  such  a  way  that  the  long  axis  of  the  boiler 
drums  will  run  fore  and  aft  rather  than  athwart- 
ships,  so  that  the  water  will  not  surge  firom  one 
end  of  the  drum  to  the  other  as  the  ship  rolls. 

The  steam  drum  is  located  at  the  top  o£  the 
boiler.  R  is  cylindrical  in  shape,  except  that  on 
some  boilers,  it  may  be  slightly  flattened  along 
its  lower  curved  sturface.  The  steam  drum  re- 
ceives feed  water  and  serves  as  a  place  for  the 
accumulation  of  the  saturated  steam  that  Is  gen- 
erated in  the  tubes.  The  tubes  enter  the  steam 
drum  below  the  normal  water  level  of  the  drum. 
The  steam  and  water  mixture  from  the  tubes 
goes  through  separators  which  separate  the 
water  from  the  steam. 

Figure  10-3  shows  the  way  in  which  a  steam 
drum  is  constructed.  Two  sheets  of  steel  are 
rolled  or  bent  to  the  required  semicircular 
shape  and  then  welded  together.  The  upper  sheet 
is  called  the  wrapper  sheet;  the  lower  sheet  is 
called  the  tube  sheet.  Notice  that  the  tube  sheet 
is  thicker  than  the  wrapper  sheet.  The  extra 
thickness  Is  required  in  the  tube  sheetto  ensure 
adequate  strength  of  the  tube  sheet  after  the 
holes  for  the  generating  tubes  havebeendrilled. 
The  ends  of  the  drum  are  enclosed  with  ^um- 
heads  which  are  welded  to  the  shell,  as  shown  in 
figure  10-4.  One  drumhead  contains  a  manhole 
which  permits  access  to  the  drum  for  Inspec- 
tion, cleaning,  and  repair. 


38.10 

Figure  10-3.— Boiler  steam  drum. 


The  steam  drum  either  contains  or  is  con- 
nected to  many  of  the  important  fittings  and 
instruments  required  for  the  operation  and 
control  of  the  boUer.  These  fittings  and  controls 
are  discussed  separately  in  chapter  11  of  this 
text. 

Water  drums  and  water  headers  equalize  the 
distribution  of  water  to  the  generating  tubes  and 
provide  a  place  for  the  accumulation  of  loose 
scale  and  other  solid  matter  that  maybe  present' 
in  the  boiler  water,  bi  drum-type  boilers,  the 
water  drums  and  water  headers  are  at  the 
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Figure  10-4.— Drumhead  secured  tosteamdrum 
shell. 
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bottom  of  the  boiler.  Water  dnims  are  usually 
round  in  cross  section;  headers  may  be  round, 
oval,  or  square.  Headers  are  provided  with 
access  openings  of  the  type  shown  in  figure 
10- 5.  Water  drums  are  usually  made  with  man- 
holes similar  to  the  manholes  in  steam  drums. 


HANDHOLE  PLATE 
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Figure  10-5.— Header  handhole  and  .handhole 
plate. 

Generating  and  Circulating  Tubes 


Most  of  the  tubes  in  a  boiler  are  generating 
or  circulating  tiibes.  There  are  four  main  kinds 
of  generating  and  circulating  tubes:  (1)  gener- 
ating tiibes  in  the  main  generating  tube  bank;  (2) 
water  wall  tubes,  (3)  water  screen  tubes,  and 
(4)  downcomers.  The  ttibes  are  made  of  steel 
similar  to  the  steel  used  for  the  drums  and 
headers.  Most  tubes  in  the  main  generating 
bank  are  about  1  inch  or  1  1/4  inches  in  outside 
diameter.  Water  wall  tubes,  water  screen  tubes, 
and  the  two  or  three  rows  cfgeneratingtubes  next 
to  the  furnace  are  generally  a  little  larger. 
Downcomers  are  larger  still,  being  on  the  aver- 
age about  3  to  11  inches  in  outside  diameter* 

Since  the  steam  drum  is  at  the  top  of  the 
boiler  and  the  water  drums  and  headers  are  at 
the  bottom,  it  is  obvious  that  the  generating  and 
circulating  tubes  must  be  installed  more  or  less 
vertically.  Each  tube  enters  the  steam  drum  and 
the  water  drum  (or  water  header)  at  right  angles 
to  the  drum  surfaces.  This  means  that  all  tubes 
In  any  one  row  are  curved  In  exactly  the  same 
way,  but  the  curvature  cf  different  rows  is  not 
the  same.  Tubes  are  Installed  normal  to. the 
drum  surfaces  In  order  to  allow  the  maximum 
number  of  tube  hdLes  to  be  drilled  In  the  tube 
sheets  with  a  minimum  weakening  of  the  drums. 
However,  nonnormal  installation  Is  permitted  If 
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certain  advantages  can  be  achieved  In  design 
characteristics. 

What  purpose  do  all  these  generating  and 
circulating  tubes  serve?  The  generating  tubes 
are  the  ones  In  which  most  ci  the  saturated 
steam  is  generated.  The  water  wall  tubes  serve 
primarily  to  protect  the  furnace  refractories, 
thus  allowing  higher  heat  release  rates  than 
would  be  possible  without  this  protection.  How- 
ever, the  water  wall  tubes  are  also  generating 
tubes  at  high  firing  rates.  Water  screen  tubes 
protect  the  superheater  from  direct  radiant  heat. 
Water  screen  tubes,  like  water  wall  tubes,  are 
generating  tubes  at  high  firing  rates.  Down- 
comers  are  Installed  between  the  Inner  and  outer 
casings  of  the  boUer  to  carry  the  downward  flow 
of  relatively  cocfl  water  and  thus  maintain  the 
boUer  circulation.  Downcomers  are  not  designed 
to  be  generating  tubes  under  any  conditions. 

bi  addition  to  the  four  main  types  of  gen- 
erating and  circulating  tubes  just  mentioned, 
there  are  a  few  large  sitperheater  support  tubes 
which.  In  addltlontoprovldlngpartlalsiQyportfor 
the  steam  drum  and  for  the  superheater,  serve 
as  downcomers  at  low  firing  rates  and  as  gen- 
erating tubes  at  high  firing  rates. 

Since  a  modem  boiler  Is  likely  to  contain 
between  1000  and  2000  tubes,  some  system  of 
tube  Identification  Is  essential.  Generating  and 
circulating  tubes  are  Identified  by  LETTERING 
the  rows  of  tubes  and  NUMBERING  the  Indi- 
vidual tubes  In  each  row.  A  tube  row  runs  from 
the  front  of  the  boiler  to  the  rear  of  the  boUer. 
The  row  of  tubes  next  to  the  furnace  Is  row  A, 
the  next  Is  row  B,  the  next  Is  row  C,  and  so 
forth.  If  there  are  more  than  26  rows  In  a  tube 
bank,  the  rows  after  Z  are  lettered  AA,  BB,  CC, 
DD,  EE,  and  so  forth.  Each  tube  In  each  row  Is 
then  designated  by  a  number,  beginning  with  1 
at  the  front  of  the  boiler  and  numbering  back 
toward  the  rear. 

The  letter  which  Identifies  a  tube  row  Is 
often  preceded  1^  an  R  or  an  L,  particularly 
In  the  case  of  water  screen  tubes,  siqperheater 
support  tubes,  and  furnace  division  wall  tubes. 
When  an  R  or  an  L  Is  used  AFTER  the  regular 
letter  and  number  Identification  of  a  tube,  It  may 
Indicate  either  that  the  tube  Is  bent  for  a  right- 
hand  or  left-hand  boUer  or  that  the  tube  Is 
studded  or  finned  on  the  right-hand  side  or  on 
the  left-hand  side. 
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Figure  10-6  shows  a  Boiler  Tube  Renewal 
Sheet  for  a  double-furnace  boiler  and  illustrates 
the  method  used  to  identify  tubes. 

The  water  wall  tube  row  is  not  identified  by 
a  letter  in  figure  10-6.  The  tubes  in  this  row  are 
often  identified  by  the  letter  W  and  a  following 
letter  which  indicates  the  type  of  tube  or  its 
position  in  the  row.  Still  another  letter  (an  R  or 
an  L)  may  be  added  to  indicate  that  the  tube  is 
studded  or  finned  on  the  right-hand  side  or  on 
the  left-hand  side. 

The  tubes  which  screen  the  superheater  ftom 
direct  radiant  heat  are  identified  in  figure  10-6 
as  the  LA,  LB,  and  LC  rows.  Within  each  row, 
the  individual  tubes  are  numbered:  LA-1,  LA-2, 
LA-3,  and  so  forth. 

Figure  10-6  identifies  the  superheater  sup- 
port and  drum  support  tubes  as  the  LD  row. 
Note  that  these  are  NOT  superheater  tubes. 
The  superheater  tubes  in  this  boiler,  as  inmost 
boilers,  are  installed  horizontally.  The  stqper- 
heater  support  tubes  and  the  dnim  support  tubes 
are  installed  vertically;  ^ey  are  identified  as 
LD-1,  LD-2,  LD-3,  and  so  forth. 

The  first  row  of  division  wall  tubes  is  iden- 
tified in  figure  10-6  as  the  LE  row.  The  second 
row  of  division  wall  tubes  may  be  identified  as 
the  LF  row  or  as  the  D  row.  Identification  of 
tubes  in  this  row  is  usually  made  by  using  the 
row  identification  (LF,  D,  or  whatever  row 
identification  is  used  for  the  particular  boiler) 
followed  by  a  letter  to  indicate  the  type  of  tube 
or  its  position  in  the  row;  still  another  letter 
(an  R  or  an  L)  may  be  added  to  indicate  that  the 
tube  is  studded  or  finned  on  the  right-hand  side 
or  on  the  left-hand  side. 

Tubes  in  the  main  generating  bank  are  iden- 
tified by  lettering  the  rows  and  numbering  the 
individual  tubes,  as  shown  in  figure  6-6.  The 
two  rows  nearest  the  saturated-side  furnace  are 
slightly  larger  than  the  rest  of  the  generating 
tubes;  they  serve  as  water  screen  tubes.  These 
two  rows  are  often  called  the  RA  and  the  RB 
rows.  Individual  tttbes  in  these  rows  are  identi- 
fied by  number  in  the  same  way  that  the  rest  of 
the  generating  tubes  are  identified. 

Note  that  the  superheater '  tubes  are  also 
identified  in  figure  10-6.  Identification  of  super- 
heater tubes  is  disciissed  in  the  section  that 
deals  with  stiperheaters. 

The  discussion  of  boUer  tube  identification 
given  here  is  based  on  one  particular  type  of 
boiler—that  is,  a  doiible-fumace  boiler.  The 
same  general  principles  of  tube  identification 
apply  to  most  other  drum-type  boilers  now  in 


naval  use,  but  the  details  of  tube  identification 
are  necessarily  different  in  different  types  of 
boilers. 

Superheaters 

Most  propulsion  boilers  now  in  naval  service 
have  convection-type  superheaters,  with  water 
screen  tubes  installed  between  the  superheater 
and  the  fturnace  to  absorb  the  intense  radiant 
heat  and  thus  protect  the  superheater. 

Most  convection-type  siq;>erheaters  have 
U-shaped  tupes  which  are  installed  horizonally 
in  the  boiler  and  two  headers  which  are  in- 
stalled more  or  less  vertically  at  the  rear  of 
the  boiler.  One  end  of  eachU-shapedtube  enters 
one  superheater  header,  and  the  other  end 
enters  the  other  header.  The  superheater  head- 
ers are  divided  internally  by  one  or  more  divi- 
sion plates  which  act  as  bafQes  to  direct  the 
flow  of  steam.  In  some  cases  the  superheater 
headers  are  divided  externally  as  well  as  in- 
ternally. 

Figure  10-7  illustrates  some  convection- 
type  superheater  arrangements  that  are  used 
on  double-furnace  boilers.  Part  A  is  a  plan  view 
of  the  superheater  tubes,  showing  how  the  tubes 
enter  the  headers.  Part  B  shows  a  siq;>erheater 
in  which  each  header  is  divided  into  two  sec- 
tions, and  illustrates  the  flow  of  steam  through 
the  stqperheater.  Part  C  illustrates  the  flow  of 
steam  through  a  sttperheater  in  which  one  header 
has  one  internal  division  and  the  other  header 
has  two  internal  divisions.  As  may  beseenfrom 
figure  10-7,  the  steam  makes  several  passes 
through  the  furnaces.  The  number  of  passes  is 
determined  by  the  number  of  header  divisions 
and  by  the  relative  locations  of  the  steam  inlet 
and  the  steam  outlet. 

The  superheater  tubes  are  installed  so  that 
their  U-shaped  ends  project  forward  toward  the 
front  of  the  boiler.  In  a  double-furnace  boiler, 
the  superheater  tubes  project  forward  into  a 
space  between  the  water  screen  tubes  and  some 
tubes  called  furnace  division  wall  tubes.  The 
superheater  tubes  and  the  surrounding  water 
screen  and  division  wall  tubes  are  thus  together 
the  dividing  line  between  the  stiperheater-side 
furnace  and  the  saturated-side  furnace.  In  a 
single-furnace  boiler,  the  stq;>erheater  tubes 
project  forward  into  a  space  in  the  main  bank 
of  generating  tubes.  The  tubes  between  the 
superheater  tubes  and  the  furnace  serve  as 
water  screen  tubes. 

Some  recent  boilers  have  walk- in  or  cavity- 
type  superheaters.  In  this  type  of  superheater. 
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Figure  10-7.— Convection-type  superheater 
(double-furnace  boiler)* 

an  access  space  or  cavity  is  provided  in  the 
middle  of  the  superheater  tube  bank.  The  cavity, 
which  runs  the  Ml  length  and  height  of  the 
superheater,  greatly  increases  the  accessibility 
of  the  superheater  for  cleaning,  maintenance, 
and  repair.  Some  of  the  walk-in  superhealters 


have  U-shaped  tubes.  Others,  such  as  the  one 
shown  in  figure  10-8,  have  W-shaped  tubes. 

A  few  boilers  of  recent  design  have  vertical, 
rather  than  horizontal,  convection-type  super- 
heaters. In  these  boilers,  the  U-bend  super- 
heater tubes  are  installed  almost  vertically, 
with  the  U-bends  near  the  top  of  the  boiler;  the 
tubes  are  approximately  parallel  to  the  main 
bank  of  generating  tubes  and  the  water  screen 
tubes.  Two  superheater  headers  are  near  the 
bottom  of  the  boiler,  nmning  horizontally  from 
the  front  of  the  boiler  to  the  rear. 

Superheater  tubes  are  generally  identified  by 
loop  number,  name  of  tube  bank,  and  number  of 
tube  within  the  bank.  In  the  case  of  horizontal 
siiperheater  tubes,  as  shown  in  figure  10-8,  you 
count  from  the  bottom  toward  the  top  to  get  the 
tube  number,  bithe  case  of  vertical  superheater 
tubes,  you  count  from  the  troiA,  of  the  boiler 
toward  the  rear. 

Desuperheaters 

On  boilers  with  noncontrolled  superheaters, 
all  steam  is  superheated,  but  a  small  amount  of 
steam  is  redirected  through  a  desuperheater 
line,  the  desuperheater  can  be  located  in  either 
the  water  drum  or  the  steam  drum,  most  gen- 
erally the  desuperheater  will  be  found  in  the 
steam  drum  below  the  normal  water  level.  The 
purpose  of  the  desuperheater  is  to  lower  the 
super-heated  steam  temperature  back  to  or 
close  to  saturated  steam  temperature  for  the 
proper  steam  lubrication  of  the  auxiliary  ma- 
chinery. The  desuperheater  is  most  generally 
an  "S"  shaped  tube  bundle  that  is  flanged  to  the 
stiperheater  outlet  on  the  inlet  side  and  the 
auxiliary  steam  stop  on  the  outlet  side. 

Economizers 

An  economizer  is  installed  on  practically 
every  boiler  used  in  naval  propulsion  plants. 
The  economizer  is  an  arrangement  of  tubes 
installed  in  the  uptake  space  ftom  the  furnace; 
thus  the  economizer  tubes  are  heated  by  the 
rising  gases  of  combustion.  All  feed  water  flows 
through  the  economizer  tubes  before  entering 
the  steam  drum,  and  the  feed  water  is  warmed 
by  heat  which  would  otherwise  be  wasted  as 
combustion  gases  pass  up  the  stack.  In  general, 
boilers  operating  at  high  pressures  and  tem- 
peratures have  larger  economizer  surfaces  than 
boilers  operating  at  low  pressure  and  tempera- 
tures. 
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Figure  10-8.-Arrangement  of  W-tube  valk-ln  superheater. 
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Economizer  tubes  may  be  oT  various  shapes. 
Most  commonly,  perhaps,  they  are  a  continuous 
loop  of  U-shaped  elements  from  Inlet  to  outlet 
header.  Almost  all  eccmomlzer  tubes  have  some 
sort  of  metal  projectlcxis  from  the  outer  tube 
surface.  These  projections,  which  are  of  alumi- 
num, steel,  or  other  metal,  are  shiqped  in  various 
ways.  Figure  10-9  shows  a  U-bend  economizer 
tube  with  aluminum  gUl  rings  that  are  circular 
in  cross  section*  Other  types  of  projectloi^s  In 
use  include  rectangular  fins  and  star-shiitped 
disks.  In  all  cases,  the  projections  serve  toex- 
tend  the  heat  transfer  surface  of  the  economizer 
tubes  on  which  they  are  Installed. 
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Figure  10-9.— U-bend  ectmomlzer  tube 
with  aluminum  gill  rings. 
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Fuel  OU  Burners 

Almost  all  fuel  oil  burners  used  on  naval 
propulsion  boUers  are  mounted  on  the  boiler 
front.  Special  openings  called  burner  cone  open- 
ings  are  provided  in  the  furnace  front  for  the 
burners. 

The  two  main  parts  of  a  ftiel  oil  burner  are 
the  atomizer  assembly  and  the  air  register  as- 
sembly. The  atomizers  divide  the  fuel  oil  into 
very  fine  particles;  the  air  registers  permit 
combustion  air  to  enter  the  fiurnace  in  such  a 
way  that  it  mixes  thoroughly  with  the  finely 
divided  oil.  In  addition  to  the  atomizer  assembly 
and  the  air  register  assembly,  a  fuel  oil  burner 
includes  various  valves,  fittings,  connections, 
and  (on  new  construction)  burner  safety  devices 
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Which  prevent  spillage  of  oU  when  an  atomizer 
assembly  is  removed  from  the  burner  while  the 
burner  root  valve  is  still  open. 

ATOMIZERS.-Three  main  kinds  of  atomiz- 
ers  are  now  in  use  on  naval  boUers.  Straight- 
through-flow  atomizers  are  used  on  most  boil- 
ers. Return-flow  atomizers  are  used  on  many  of 
the  newer  ships,  particularly  those  equipped  with 
automatic  combustion  controls.  Steam-assist 
atomizers  are  used  on  boilers  in  some  of  the 
newest  ships. 

A  fuel  oU  burner  with  a  straight-through- 
flow  atomizer  is  shown  in  cross  section  in 
figure  10-10.  Figure  10-11  shows  how  burners 
of  this  type  look  when  installed  at  the  boUer 
front. 
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Figure  lO-lO.^Cross-sectional  view  of  fuel  oU  burner  with  straight-through-flow  atomizer. 
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In  a  straigtit-through-flow  atomizer,  all  oil 
punqped  to  the  atomizer  is  burned  in  the  boiler 
furnace.  The  fuel  oil  is  forced  through  the 
atomizer  barrel  at  a  pressure  between  125  and 
300  psi.  With  this  type  of  atomizer,  the  firing 
rate  is  controlled  by  changing  the  niunber  df 
burners  in  use,  the  fuel  oil  pressure,  and  the 
size  of  the  sprayer  plates. 

A  straight-through-flow  atomizer  assembly 
consists  of  a  goose  neck,  a  burner  barrel  (also 
called  an  atomizer  barrel),  a  nozzle,  a  sprayer 
plate,  and  a  tip.  These  parts  are  shown  in 
figure  10-12.  The  fuel  oil  goes  through  the 
nozzle,  which  directs  the  oil  to  the  grooves 
of  the  sprayer  plate.  These  grooves  are  shaped 
so  as  to  give  the  oil  a  high  rotational  velocity 
as  it  discharges  into  a  small  cylindrical  whirl- 
ing chamber  in  the  center  of  the  sprayer  plate. 
The  whirling  chamber  is  coned  out  at  the  end 
and  has  an  orifice  at  the  apex  of  the  cone.  As 
the  oil  leaves  the  chamber  by  way  of  the  ori- 
fice, it  is  broken  up  into  very  fine  particles 
which  form  a  cone-shiqped  foglike  spray.  A 
strong  blast  of  air,  which  has  been  given  a 
whirling  motion  in  its  passage  through  the 
burner  register,  catches  the  oil  fog  and  mixes 
with  it.  The  mixture  of  air  and  oil  enters  the 
furnace  and  combustion  takes  place. 


5J     .  r 
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Figure  lO-lL— Fuel  oU  burners  installed  on 
boiler  front. 


38.71 

Figure  10-12.->Parts  of  a  straight-through- 
flow  atomizer  assembly. 

The  sprayer  plates  most  commonly  used 
are  called  standard  sprayer  plates.  Two  types 
of  standard  sprayer  plates  are  shown  in  figure 
10-13.  Standard  sprayer  plates  may  be  either 
flat-faced  or  dished  and  rounded,  and  they  may 
have  four,  six,  or  ei^t  oil  grooves.  Standard 
sprayer  plates  with  four  grooves  are  most 
common. 

Now  that  the  Defense  Department  has  au- 
thorized the  conversion  to  a  new  distillate  fuel 
(NSDF)y  sprayer  plates  for  burning  this  type  of 
fuel  will  be  of  the  6,  4,  and  3  slot  type.  Sizes 
will  also  be  changed  as  the  viscosity  of  the 
new  fuel  is  less  than  that  of  Navy  Special  fUel 
oil  (NSFO).  Therefore,  each  class  of  ship  will 
need  the  correct  size  sprayer  plates  to  permit 
them  to  burn  the  correct  amount  of  fuel  for  full 
power  and  overload  conditions. 

In  a  return-flow  (also  called  a  variable- 
capacity)  atomizer,  part  of  the  oil  stqnplied  to 
the  atomizer  is  burned  in  the  boiler  fUrnaceand 
part  is  returned.  Several  types  of  return-flow 
atomissers  are  in  use*  One  type  (Todd)  is  de- 
signed to  operate  with  a  constant  fuel  oil  supply 
pressure  of  300  psig  and  a  minimum  return 
pressure  of  25  psig.  Another  return-flow  ato- 
mizer (Babcock  &  Wilcox)  operates  with  a 
variable  fuel  oil  supply  presswe  (vip  to  1000 
psi)  and  a  variable  return  pressure.  Still  an- 
otbeir  type  (also  Babcock  &WUcox)  operates  with 
a  constant  supply  pressure  of  1000  psi  and  a 
variable  return  pressure. 

The  return-flow  atomizer  shown  in  figure 
10-14  operates  with  a  constant  ftiel  oU  supply 
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Figure  10-13.— Tivo  kinds  of  standard  sprayer 
plates. 

pressure.  The  amount  of  oil  burned  In  the  fur- 
nace is  controlled  by  regulating  the  oil  return 
pressure.  The  siqyply  oil  enters  through  the 
tube-like  opening  down  the  middle  of  the  atomizer 
barrel  and  passes  through  the  sprayer  plate. 
The  tangential  slots  or  grooved  in  the  sprayer 
plate  cause  the  oil  to  enter  the  whirling  chamber 
with  a  rotary  motion.  As  the  oil  reaches  the 
return  annulus,  centrifugal  force  causes  a  cer- 
tain amount  of  the  oil  to  enter  the  return  an- 
nulis.  The  amount  of  oil  thus  returned  is  deter- 
mined by  the  back  pressure  in  the  return  line; 
the  back  pressure  is  in  turn  determined  by  the 
extent  to  which  the  return  line  contr61  valve  is 
open.  The  oil  which  is  not  returned  emerges 
from  the  orifice  in  the  form  of  a  h611ow  conical 
spray  of  atomized  oil.  The  amount  of  Oil  burned 
is  the  difference  between  the  amount  of  oil  sup- 
plied and  the  amount  returned. 

The  straight-through-flow  atomizers  and  the 
return-flow  atomizers  just  described  are  both 
considered  to  be  mechanical  atomizers  of  the 
pressure  type.  The  steam-assist  atomizer,  now 
in  use  on  some  new  ships,  operates  on  different 
principles.  The  fuel  oil  enters  a  steam-assist 
atomizer  at  relatively  low  pressure  and  is  very 
finely  atomized  by  a  jet  of  steam.  Combustion  air 
is  supplied  by  forced  draft  blowers,  just  as  it  is 
in  other  installations. 

A  steam-assist  atomizer  has  two  supply  lines 
coming  into  it,  one  for  fuel  oilandone  for  steam. 
These  two  lines  make  the  atomizer  look  a  good 
deal  like  a  return-flow  atomizer.  However,  the 
steam-assist  atomizer  does  not  return  any  ftiel 
oil;  Instead,  all  oil  stqiplied  to  the  atomizex^is 
burned  In  the  boiler  ftirnace.  Sprayer  plates  and 
other  parts  are  somewhat  differently  shaped  in 
steam-assist    atomizers  than  they  are  in 
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Figure  10-14.— Return-flow  atomizer. 


straigbt-through-flow  atomizers  and  return- 
flow  atomizers. 

One  reason  why  steam-assist  atomizers  have 
not  been  used  for  naval  propulsion  boilers  until 
quite  recently  is  that  they  use  a  considerable 
amount  of  steam  which  cannot  be  recovered  and 
returned  to  the  feed  system.  However,  they  have 
some  advantages  that  tend  to  make  up  for  this 
disadvantage.  A  major  advantage  is  that  the  fir- 
ing range  of  steam-assist  atomizers  is  much 
greater  than  the  firing  range  of  other  types  of 
atomizers.  This  characteristic  makes  the 
steam-assist  atomizer  particularly  useful  for 
naval  service,  since  it  means  that  large  changes 
of  load  can  be  made  merely  by  var]rlng  the  fuel 
oil  supply  pressure,  without  cutting  burners  in 
and  out.  The  fuel  oil  supply  pressure  can  be 
varied  between  8  and  350  psi. 

AIR  REGISTERS.— The  main  parts  of  an  air 
register  are  (1)  the  movable  air  doors,  (2)  the 
diffuser,  and  (3)  the  stationary  air  foils.  These 
parts  are  shown  in  figure  10-10.  The  movable 
air  doors  allow  operating  personnel  to  open  and 
close  the  register.  When  the  air  doors  are  open, 
air  rushes  in  and  is  given  a  whirling  motion  by 
the  diffuser  plate.  The  diffuser  thus  serves  to 
make  the  air  mix  evenly  with  the  oil,  and  also 
to  prevent  flame  being  blown  back  from  the 
atomizer.  The  stationary  air  foils  guide  the 
major  quantity  of  air  and  cause  it  to  mix  with 
the  larger  oil  spray  beyond  the  diffuser. 

Furnaces  and  Refractories 

A  boiler  furnace  is  a  space  provided  for  the 
mixing  of  air  and  fuel  and  for  the  combustion  of 
the  fuel.  A  boiler*  furnace  consists  of  a  more  or 
less  rectangular  steel  casing  which  is  lined  on 
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the  floor,  front  wall,  side  walls,  and  rear  wall 
with  refractory  material.  The  refractory  lining 
serves  to  protect  the  furnace  casing  and  to  pre- 
vent loss  of  heat  from  the  fturnace.  Refractories 
retain  heat  for  a  relatively  longtime  and  thus 
help  to  maintain  the  high  furnace  temperatures 
required  for  complete  and  efficient  combustion 
of  the  ftiel.  Refractories  are  also  used  to  form 
baffles  which  direct  the  flow  of  combustion 
gases  and  protect  drums,  headers,  and  tubes 
from  excessive  heat. 

There  are  many  different  kinds  of  refractory 
materials.  The  particular  use  of  each  type  is 
determined  by  the  chemical  and  physical  char- 
acteristics of  the  material  in  relation  to  the 
required  conditions  of  service.  Refractories 
commonly  used  in  the  furnaces  of  naval  pro- 
pulsion boUers  include  flrebrick,  insulating 
brick,  insulating  block,  plastic  fireclay,  plastic 
chrome  ore,  chrome  castaUe  refractory,  high 
temperature  castable  refractory,  air-setting 
knortar,  and  burner  refractory  tile. 

Casings,  Uptakes,  and  Smdkepipes 

In  modem  boiler  installations,  each  boiler 
is  enclosed  in  two  steel  casings.  The  inner  cas- 
ing is  lined  with  refractory  materials,  and  the 
enclosed  space  constitutes  the  furnace.  The 
outer  casing  extends  around  most  of  the  inner 
casing,  with  an  air  space  in  between.  Air  from 
the  forced  draft  blowers  is  forced  into  the  space 
between  the  inner  and  the  outer  casings,  and 
from  there  it  flows  through  the  air  registers 
and  into  the  furnace. 

The  inner  casing  encloses  most  of  the  boiler 
up  to  the  uptakes.  The  uptakes  join  the  boiler  to 
the  smokepipe.  As  a  rule,  the  uptakes  from  two 
or  more  boilers  connect  with  one  smokepipe. 

Both  the  inner  and  the  outer  casings  of  boil- 
ers are  made  of  steel  panels.  The  panels  may 
be  flanged  and  bolted  together,  with  gaskets 
being  used  at  the  joints  to  make  an  airtight 
seal,  or  they  may  be  welded  together.  The  cas- 
ings are  made  in  small  sections  so  they  can  be 
removed  for  the  inspection  and  repair  of  boiler 
parts. 

Saddles  and  Supports 

Each  water  drum  and  water  header  ^ests 
upon  two  saddles,  one  at  the  front  of  the  ifarum 
or  header  and  one  at  the  rear.  The  upper  flanges 
of  the  saddle  are  curved  to  fit  the  curvature  of 
the  drum  or  header,  and  are  welded  to  the  drum 


or  header.  The  bottom  flanges,  which  are  flat, 
rest  on  huge  beams  built  up  from  the  ship's 
structure.  The  bottom  flange  of  one  saddle  is 
bolted  rigidly  to  its  support.  The  bottom  flange 
of  the  other  saddle  is  also  bolted  to  its  sivport, 
but  the  bolt  holes  are  elongated  in  a  fore-and- 
aft  direction.  As  the  drum  esqpands  or  contracts 
because  of  temperature  changes,  the  saddle 
which  is  not  rigidly  fastened  to  the  support 
accommodates  to  the  changing  length  of  the 
drum  by  sliding  backward  or  forward  over  the 
support.  The  flanges  which  are  not  rigidly  fas- 
tened are  known  as  boiler  sliding  feet. 

Air  heaters 

Some  boilers  of  recent  design  have  steam- 
coil  airheaters  to  preheat  the  combustion  air 
before  it  enters  the  furnace.  A  typical  steam- 
coU  airheater  consists  of  two  coU  blocks,  each 
coU  block  having  three  sections  of  heating  coUs 
in  a  single  casing.  Each  individual  section  has 
rows  of  copper-nickel  alloy  tubes,  helically 
wound  with  copper  fins.  Airheaters  used  in  the 
past  on  some  older  naval  ships  were  installed 
in  the  Intakes  and  the  combustion  air  was  pre- 
heated by  the  combustion  gases;  these  airheaters 
thus  utUized  heat  which  would  otherwise  have 
been  wasted.  The  use  of  these  (flder  airheaters  . 
was  discontinued  in  naval  ships  because  the  sav- 
ing ot  heat  was  not  considered  sufficient  to  jus-  ; 
tify  the  added  space  and  weight  requirements. 
The  new  steam-coil  airheaters  use  auxiliary 
exhaust  steam  as  the  heating  agent;  they  are  in- 
stalled near  the  point  where  the  combustion  air 
enters  the  double  casing. 

Fittings,  Instruments,  and  Controls 

The  major  boiler  components  just  described 
could  not  function  without  a  number  of  fittings, 
instruments,  and  control  devices.  These  addi-  ; 
tional  boiler  parts  are  merely  mentioned  here  : 
for  the  sake  of  completeness;  they  are  taken  up  j 
in  detaU  in  chapter  11  of  this  text. 

Internal  fittings  Installed  in  the  steam  drum  ; 
may  include  equipment  for  distributing  the  in-  ; 
coming  feed  water,  for  separating  and  drying  the 
steam,  for  giving  surface  blows  to  remove  solid  ] 
matter  from  the  water,  for  directing  the  flow  of  ; 
steam  and  water  within  the  steam  drum,  andfor 
injecting  chemicals  for  boUer  water  treatment.  ' 
In  addition,  many  boilers  have  desuperheaters  i 
for  desuperheating  the  steam  needed  for  auxll-  ' 
iary  purposes. 
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External  fittings  and  instruments  used  on 
naval  boilers  may  include  drains  and  vents; 
sampling  connections,  feed  atop  and  check 
valves;  steam  atop  valves;  safety  valves;  soot 
blowers,  watergage  glasses  and  remote  water 
level  indicators;  pressure  and  temperature 
gages;  superheater  temperature  alarms;  super- 
heater steam  flow  indicators;  smoke  indicators; 
and  various  items  used  for  the  automatic  control 
of  combustion  and  water  level. 

TYPES  OF  PROPULSION  BOILERS 

Now  that  we  have  examined  the  basic  com- 
ponents used  in  most  naval  prqinilsion  boilers, 
let  us  put  these  conqponents  together,  so  to 
speak,  to  see  how  they  are  arranged  to  form  the 
types  of  boilers  now  used  in  the  prqpulsion  plants 
of  naval  ships.  The  order  of  priesentation  is 
more  or  less  historical,  starting  with  the 
header-type  boiler  (which  is  probably  thecAdest 
boUer  design  still  in  service),  going  on  to 
douUe-fUmace  boilers  and  to  both  older  and 
newer  types  of  single-ftuiiace  boilers,  and  end- 
ing with  the  recently  installed  pressurized- 
fumace  boiler. 

Header-Type  Boilers 

Sectional  header  boilers,  commonly  called 
header-type  boilers,  are  Installed  in  many 
auxiliary  ships.  The  basic  design  of  this  type  of 
boUer  is  shown  in  figures  10-15  and  10-16. 

Header -type  boUers  normally  operate  at  450 
to  465  psig  and  are  designed  for  a  maximum 
siqperheater  outlet  temperature  of  740^  to  750°  F. 
In  capacity,  they  range  ff-om  about  25,000  to 
about  40,000  pounds  of  steam  per  hour. 

Header-type  boilers  are  sometimes  referred 
to  as  cross-drum  boilers  because  many  of  them 
were  designed  to  be  installed  with  the  steam 
drum  athwartships  rather  thanf ore  and  aft.  How- 
ever, some  header-type  boilers  are  not  of  the 
cross-dnmi  type. 

Header-type  boUers  are  also  referred  to 
occasionally  as  side-fired  boUers.  This  term 
is  used  to  indicate  the  location  of  the  burners 
with  respect  to  the  position  of  the  steam  drum. 
However,  the  term  "side-fired"it  tends  to  be 
misleading  because  the  surface  of  aboUer  along 
which  the  burners  are  installed  is  generally  re- 
garded as  the  front  of  the  boUer.  In  this  discufll^ 
sion,  we  will  take  as  the  front  of  the  boUer  the 
surface  along  which  the  burners  are  installedo 
From  this  point  of  view,  then,  ttie  steam  drum  is 


installed  lengthwise  along  the  top  of  the  boiler 
front. 

The  header-type  boiler  gets  its  name  from 
the  header  sections  which  are  connected  by  the 
generating  tubes.  There  may  be  12,  14,  or  16  of 
these  header  sections,  depending  upon  the  size 
of  the  boiler.  Half  of  the  header  sections  are 
Installed  under  the  steam  drum,  at  the  front  of 
the  boiler.  The  other  half  are  installed  at  the 
rear  of  the  boiler,  at  a  somewhat  higher  level. 
The  header  sections  are  installed  at  a  sli{^ 
angle  from  the  vertical,  leaning  somewhat  toward 
the  front  of  the  boiler.  The  angle  of  inclination 
of  the  headers  allows  the  straight  generating 
tubes  (which  enter  the  headers  normal  to  the 
header  surf^es)  to  slope  slightly  upward  from 
the  front  of  the  boiler  toward  the  rear,  thus  al- 
lowing free  natural  circulation  within  the  boiler. 

The  header  sections  instaUed  under  the 
steam  drum  at  the  front  of  the  boiler  are  known 
as  downtake  headers.  Each  downtake  header  is 
connected  to  the  steam  drum  by  a  short  down- 
take  nipple.  The  lower  end  of  each  downtake 
header  is  connected  to  the  junction  header 
(sometimes  called  the  mud  drum)  by  a  short 
nipple. 

The  header  sections  installed  at  the  rear  of 
the  boiler  are  known  as  uptake  headers.  Each 
uptake  header  is  connected  to  the  steam  dnun 
by  a  large  circulator  tube  which  enters  the 
steam  drum  slightly  above  the  normal  water 
level. 

As  shown  in  figures  10-15  and  10-16,  the 
generating  tubes  in  this  type  of  boiler  are 
straig^  rather  than  curved.  The  generating 
tubes  connect  the  downtake  headers  at  the  front 
of  the  boiler  with  the  uptake  headers  at  the  rear 
of  the  boUer. 

The  superheater  consists  of  U-bend  tubes, 
an  vpper  superheater  header,  and  a  lower  super- 
heater header.  The  superheater  tubes  are  in- 
stalled at  right  angles  to  the  generating  tubes, 
between  the  main  bank  of  generating  tubes  and 
the  water  screen  tubes. 

The  steam  drum  of  a  header-type  boiler 
usually  has  a  manhole  at  each  end.  The  steam 
drum  contains  the  internal  fittings,  including  a 
desuperheater. 

The  furnace  of  a  header-type  boiler  has  four 
vertical,  walls  and  a  flat  floor.  The  side  walls 
are  water  cocAed,  being  covered  by  water  wall 
tubes  which  form  a  part  of  the  circulation  sys- 
tem of  the  boiler.  There  are  two  water  wall 
downtake  headers,  one  at  each  corner  of  the 
boiler  front,  installed  vertically  in  the  space 
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Figure  10-15.— Cutaway  view  of  header-type  boUer. 


between  the  Inner  and  the  outer  casing.  Two 
vertical  water  wall  uptake  headers  are  simi- 
larly Installed  at  the  two  rear  corners  of  the 
boUer.  The  water  wall  tubes  are  rolled  Into  a 
downtake  header  at  the  front  and  an  uptake  head- 
er at  the  rear;  they  are  arranged  on  the  samcT* 
slope  as  the  generating  tubes. 

Water  is  supplied  to  the  water  wall  downtake 
headers  from  the  junction  header.  Steam  and 


water  rise  through  the  water  wall  tubes  to  the 
uptake  headers,  and  then  through  the  riser  tubes 
that  connect  the  uptake  headers  to  the  steam 
drum. 

As  may  be  seen  In  figures  10-15  and  10-16, 
an  economizer  is  located  behind  the  steam  drum. 
In  the  way  of  the  combustion  gas  exit. 

The  boUer  Is  completely  enclosed  In  an 
insulated  steel  casing,  and  an  outer  casbig  Is 
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Figure  10-16.»Side  view  of  header-type  boiler. 
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installed  in  such  a  way  as  to  form  an  air  cham- 
ber between  the  inner  and  outer  casings.  The  air 
inlet  is  at  the  rear  of  the  boiler;  an  air  duct 
beneath  the  furnace  Ifloor  connects  thei^ont  air 
chamber  and  the  rear  air  chamber.  The  double- 
cased  air  chambers  at  the  sides  otthe  boiler  are 
connected  directly  to  the  cdd  air  inlet  so  that  an 
air  pressure  is  maintained  in  these  side  cham- 
bers at  all  rates  of  operation.  Removable  casing 
panels  are  located  at  various  points  to  permit 
access  for  deaningi  inspectioni  andjrepair. 

In  summaryi  we  may  consider  the  header- 
I  type  boiler  as  one  which,  on  the  basis  of  the 


classification  methods  given  earlier  inthischap- 
teri  has  the  following  characteristics:  It  is  a 
water-tube  boiler  with  natural  circulaticm  of  the 
free  (not  accelerated)  type,  ft  has  sectional 
headers  instead  of  water  drumSi  and  so  Is  called 
a  "header-type''  boiler  instead  of  a  drum-type 
boiler,  ft  has  only  one  fumace«-but  the  term 
"single-furnace  boiler''  is  never  applied  to 
header-type  boilerSi  possibly  because  such  iden- 
tification has  not  been  needed,  ft  is  not  a 
pressurized-furnace  boiler,  ft  does  not  have 
controlled  superheat.  R  operates  at  a  pressture 
of  450  to  465  psig;  howeveri  header-type  boilers 
are  qiiite  often  referred  to  as  "400-p8i  boilers." 
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Double- Furnace  Boilers 

Double-furnace  boilers  (also  called  M-type 
boilers)  are  installed  on  most  (flder  destroyers 
and  on  many  other  combatant  ships.  These 
boilers  are  designed  to  carry  a  steam  drum 
pressure  of  approximately  615  psig  and  to  gen- 
erate saturated  steam  at  approximately  490^  F, 
The  saturated  steam  for  auxiliaries  goes  direct- 
ly from  the  steam  drum  to  the  auxiliary  steam 
system;  all  other  steam  goes  through  the  super- 
heater. Double-furnace  boilers  are  designed  in 
various  sizes  and  capacities  to  suit  different 
installations.  They  range  in  capacity  fromabout 
100,000  to  about  250,000  pounds  of  steam  per 
hour  at  full  power. 

Figure  10-17  shows  the  general  arrangement 
of  a  double-furnace  boiler.  The  same  type  of 
boiler  is  shown  in  sectional  view  in  figure  10-18 
and  in  cutaway  view  in  figure  10-10, 

One  of  the  two  furnaces  in  this  boiler  is  used 
for  generating  saturated  steam;  the  other  is  used 
for  superheating  the  saturated  steam.  Because 
each  of  the  two  furnaces  can  be  fired  separately, 
thus  allowing  contrdl  of  8iQ>erheated  steam  tem- 
perature over  a  wide  range  of  operating  condi- 
tional the  double-furnace  boiler  has  long  been 
called  a  "superheat  control  boUer,''  As  noted 
previously,  however,  the  contrdl  of  superheat  is 
not  necessarily  related  to  the  number  of  fur- 
naces. Therefore  we  will  refer  to  this  boiler  as  . 
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Figure  10-17.— General  arrangement  of  douUe- 
furnace  boiler. 


a  double-fUrnace  boiler,  rather  than  asasuper- 
heat  contr(fl  boUer,  even  though  the  boiler  shown 
does  in  fact  have  controlled  superheat, 

Since  each  fUrnace  has  its  own  burners,  the 
degree  of  superheat  can  be  controlled  by  pro- 
portioning the  amount  of  ftiel  burned  in  the 
superheater-side  fUmace  to  the  amount  burned 
in  the  saturated-side  furnace.  When  burners  are 
lighted  only  on  the  saturated  side,  saturated 
steam  is  generated;  when  burners  are  lighted 
on  the  superheater  side  as  well  as  on  the  satu- 
rated side,  the  saturated  steam  flowing  through 
the  superheater  becomes  superheated.  The  de- 
gree of  superheat  depends  primarily  upon  (1)  the 
firing  rate  on  the  superheater  side,  and  (2)  the 
rate  of  steam  flow  through  the  superheater. 
However,  the  rate  of  steam  flow  through  the 
superheater  is  basically  dependent  upon  the  fir- 
ing rate  on  the  saturated  side.  Therefore  we 
come  back  again  to  the  idea  that  the  degree  of 
superheat  depends  primarily  upon  the  ratio  of 
the  amount  of  oil  burned  in  the  superheater  side 
to  the  amount  burned  in  the  saturated  side. 

The  flow  of  combustion  gases  in  the  double- 
furnace  boUer  is  partly  controlled  by  gas  baffles 
on  one  row  of  water  screen  tubes  and  on  one 
row  of  division  wall  tubes,  as  shown  in  figure 
10-18,  The  gas  baffles  on  the  water  screen 
tubes  direct  the  combustion  gases  toward  the 
superheater  tubes  and  also  deflect  the  combus- 
tion gases  away  from  the  steam  drum  and  the 
water  screen  header.  The  baffles  on  the  divi- 
sion wall  tubes  by  the  saturated-side  furnace 
keep  the  saturated-side  combustion  gases  from 
flowing  toward  the  superheater  tubes,  thus 
protecting  the  superheater  when  the  superheater 
side  is  not  lighted  off.  bi  addition,  the  baffles 
on  the  division  wall  tubes  deflect  combustion 
gases  from  the  superheater  side  up  toward  the 
top  of  the  saturated  side,  thus  allowing  the 
gases  to  pass  toward  the  uptake  without  dis- 
turbing the  fires  in  the  saturated-side  ftirnace. 

The  double-furnace  boiler  has  a  steam  drum, 
one  water  drum,  one  water  screen  header,  and 
one  water  wall  header.  All  these  drums  and 
headers  run  ftom  the  front  of  the  boUer  to  the 
rear  of  the  boiler.  Most  of  the  saturated  steam 
is  generated  in  the  main  bank  of  generating 
tubes  on  the  uptake  side  of  the  boUer;  most  of 
these  tubes  are  1  inch  in  outside  diameter,  but  a 
few  rows  of  2-inchtube8  are  installed  on  the  side 
of  the  tube  bank  nearest  the  furnace.  Tlie evapo- 
ration rate  is  much  higher  in  the  l-inc)i  tubes 
than  in  the  2-inch  tubes,  since  the  ratio  of  heat- 
transfer  surface  to  the  vcflume  of  contained  water 
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Figure  10-18,*DoubIe-furiiace  boiler  (sectional  view,  looking  toward  rear  wall). 
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Is  much  greater  in  the  smaller  tubes.  The  larger 
tubes  are  used  in  the  rows  next  to  the  furnace 
because  it  is  necessary  at  this  point  to  provide 
a  flow  of  cooling  water  and  steam  sufficient  to 
protect  the  smaller  tubes  from  the  intense  ra- 
diaiht  heat  of  the  furnaces. 

DouUe-furnace  boilers  have  anywhere  from 
15  to  50  downcomerSi  which  vary  in  size  from 
about  3  inches  in  outside  diameter  to  about  7 
inches  OD.  The  downcomers  are  installed  be- 
tween the  inner  and  the  outer  casings,  as  may  be 
^seen  in  figure  10-19. 

The  use  of  large-tube  downcomers  and  small 
generating  tubes  results  in  extremely  rapid  cir- 
culation of  water.  Only  a  few  seconds  are  re- 
quired for  the  water  to  enter  the  steam  drum  as 
feed  water,  flow  throu^  the  downcomers,  circu- 
late through  the  water  drum  or  header,  rise  in 
the  generating  tubes,  and  return  to  the  steam 


drum  as  a  mixture  of  water  and  steam*  Some 
notion  of  the  extreme  rapidity  of  circidation  may 
be  obtained  from  the  fftct  that  water  in  the  down- 
comers may  flow  at  velocities  of  from  3  to  7 
feet  p6r  second. 

The  economizer  on  a  double-furnace  boiler 
is  usually  larger  than  the  economizer  on  a 
header-type  boiler.  As  a  rule,  the  economizer 
on  a  double  -furnace  boiler  has  about  60  U-  shaped 
economizer  tubes. 

On  the  basis  of  the  classification  methods 
given  earlier  in  this  chapter,  we  may  consider 
the  double-furnace  boiler  as  one  which  has  the 
following  characteristics:  ft  is  a  water -tube 
boiler  with  natural  circulation  of  the  accelerated 
type*  It  is  a  drum-type  (rather  than  a  header- 
i^/pe)  boiler.  R  has  tubes  which  are  arranged 
roujthly  in  the  shape  of  the  letter  M-hence  it  is 
often  called  an  M-type  boiler.    It  has  two 
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Figure  10-19.— Double-furnace  boUer  (cutaway  view). 


38.38X 


furnaces— one  for  the  saturated  side  and  one  for 
the  superheater  side.  It  has  controlled  superheat. 
R  operates  at  a  pressure  of  about  615  pslg,  and 
is  often  called  a  "600-p8i  boiler." 

The  most  important  advantage  of  thedoublf- 
fOrnace  boiler  arises  ftom  the  fiict  that  the 
separate  firing  of  the  superheater  side  allows 
positive  control  of  the  degree  of  superheat.  In 
the  double-furnace  boiler,  it  is  theoretically 


possible  to  maintain  the  maximum  designed 
temperature  at  the  superheater  outlet  under 
widely  varying  conditions  of  load.  In  a  single- 
furnace  boiler,  where  one  source  of  heat  is  used 
both  for  generating  the  steam  and  for  stq;)er- 
heatlng  it,  the  degree  of  superheat  increases 
as  the  rate  of  steam  generation  increases;  and 
hence  the  maximum  designed  temperature  at  the 
superheater  outlet  is  normally  reached  only  at 
full  power. 
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Most  doiiUe-furnace  boilers  are  designed  to 
carry  a  superheater  outlet  temperature  of  850° 
F;  this  Is  about  lOO^F  higher  than  the  super- 
heater outlet  temperature  in  a  comparable 
single-furnace  boiler,  given  the  same  quality  of 
materials  for  boilers,  piping,  and  turbines.  The 
reason  why  a  higher  superheater  outlet  tem- 
perature can  be  used  in  a  double-furnace  boiler 
than  in  a  comparable  single-furnace  boiler  is  that 
allowance  must  be  made,  in  the  single-furnace 
boiler,  for  the  maximum  superheater  tempera- 
tures which  might  occur  imder  adverse  condi- 
tions of  load. 

In  spite  of  the  advantages  resulting  from  the 
control  of  superheat,  double-fumace  boilers  are 
no  longer  being  installed  in  naval  combatant 
ships.  E3q[)erience  with  these  boilers  has  re- 
vealed certain  disadvantageswhichatthepresent 
time  appear  to  outweigh  the  advantages  of  con- 
trolled superheat.  Someof  the  disadvantages  are: 

1.  In  practice,  it  is  not  possible  to  maintain 
maximum  designed  superheat  at  low  steaming 
rates«  Only  the  steam  for  the  main  turbines  and 
the  turbogenerators  goes  through  the  super- 
heater; at  low  firing  rates,  therefore,  the  steam 
flow  through  the  superheater  is  generally  not  suf- 
ficient to  permit  a  high  firing  rate  on  the  super- 
heater side.  Thus  under  some  conditions  the 
steam  supplied  to  the  propulsion  turbines  and  to 
the  turbogenerators  may  be  saturated  or  only 
very  slightly  superheated.  As  a  consequence, 
therefore,  the  double-fumace  boiler  is  actually 
less  efficient  than  the  sin^e -furnace  boiler  at 
low  firing  rates. 

2.  The  double-fUrnace  boiler  Is  more  diffi- 
cult to  operate  than  the  single-furnace  boiler, 
and  requires  more  personnel  for  its  operation. 
Once  there  is  any  appreciable  load  on  the  boiler, 
the  hig^  air  pressure  In  the  double  casings  and  in 
the  furnace  make  it  difficult  and  even  dangerous 
to  light  burners  on  the  superheater  side.  In  order 
to  avoid  this  difficulty,  operating  personnel 
would  have  to  be  able  to  predict  the  need  for 
superheat  and  light  off  the  burners  on  the  super- 
heater side  before  the  air  pressure  had  become 
so  high.  Obviously,  such  prediction  is  not  al- 
ways possible. 

3.  The  doiible-furnace  boiler  is  heavier, 
larger,  and  generally  more  complex  than  a 
single-furnace  boiler  of  espial  capacity. 

Single-Furnace  Boilers  / 

The  older  sin^e-furnace  boilers  that  were 
installed  on  many  World  War  n  ships  differ  in 


several  inqportant  respects  from  the  newer 
sin^e -furnace  boilers  that  have  been  installed 
on  ships  built  since  World  War  n. 

A  single-furnace  boiler  of  the  older  type 
is  shown  schematically  in  figure  10-20  and  in 
cutaway  view  in  figure  10-21.  This  boiler  pro- 
duces about  60,000  pounds  of  steam  per  hour  at 
full  power.  At  full  power  the  steam  drum  pres- 
sure is  about  460  psig,  the  superheater  outlet 
pressure  is  about  435  psig,  and  the  superheater 
outlet  temperature  is  about  750**  F. 
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Figure  10-20.— General  arrangement  of  older 
single-fUrnace  boiler. 

This  boiler  does  not  have  controlled  super- 
heat. When  the  boiler  is  lighted  off,  both  the 
generating  tubes  and  the  superheater  tubes  are 
heated.  In  order  to  protect  the  superheater 
tubes  from  overheating,  all  steam  generated  in 
the  boiler  must  be  led  through  the  superheater. 
The  saturated  steam  goes  from  the  dry  pipe  in 
the  steam  drum  to  the  superheater  inlet;  it  goes 
through  the  superheater  tubes,  out  the  super- 
heater outlet,  and  into  the  main  steam  line. 

Auxiliary  steam  must  go  through  the  stiper- 
heater  (In  order  to  provide  a  sufficient  steam 
flow  to  protect  the  superheater)  but  must  then 
be  desuperheated.  Desiq;>erheating  is  accom- 
plished by  passing  some  of  the  siq;>erheated 
steam  through  a  desuperheater,  which  is  basi- 
cally a  coil  of  piping  submerged  in  the  water  In 
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the  steam  drum.  Heat  transfer  takes  place  from 
the  steam  in  the  desuperheater  to  the  water  in 
the  steam  drum.  The  desuperheated  steam  which 
passes  out  of  the  desuperheater  and  into  the 
auxiliary  steam  line  is  once'  again  at  (or  very 
close  to)  saturation  temperature. 

Thus  far  we  have  considered  the  flow  of 
steam  as  it  occurs  after  the  boiler  has  been  cut 
in  on  the  steam  line.  But  what  happens  when  a 
cold  boUer  is  lighted  oft?  How  can  the  super- 
heater tubes  be  protected  from  the  heat  of  the 
furnace  after  fires  are  lighted  but  before  suffi- 
cient steam  has  been  generated  to  ensure  a  safe 
flow  through  the  superheater? 

Various  methods  are  used  to  protect  the 
superheater  during  this  critical  period  imme- 
diately after  lighthig  off.  Very  low  firing  rates 
are  used,  and  the  boiler  is  warmed  up  slowly 
untU  an  adequate  flow  of  steam  has  been  estab- 
lished. Many— but  not  all— boilers  of  this  type 
have  connections  through  which  protective  steam 
can  be  supplied  from  another  boiler  on  the  same 
ship  or  from  some  outside  source  such  as  a 
naval  shipyard  or  a  tender.  As  shown  in  figure 
10-20,  this  steam  comes  in  (under  pressure) 
through  the  superheater  protection  steam  valve. 
It  enters  the  superheater  inlet,  passes  through 
the  stq;>erheater  tubes,  goes  out  the  superheater 
outlet,  passes  through  the  desuperheater,  and 
then  goes  hito  the  auxiliary  exhaust  line  way 
of  the  siqperheater  protection  exhaust  valve. 

On  single-furnace  boUers  which  do  not  have 
a  protective  steam  system  for  use  during  the 
lighting  off  period,  even  greater  care  must  be 
taken  to  establish  a  steam  flow  through  the 
stiperheater.  bi  general,  the  steam  flow  is  es- 
tablished by  venting  the  superheater  draUis  to 
the  bilges  while  warming  up  the  boiler  very 
slowly. 

On  the  basis  of  the  classification  methods 
given*  earlier  in  this  chapter,  we  may  consider 
this  older  single-furimce  boUer  as  one  which 
has  the  following  characteristics:  It  is  a  water- 
tube  boUer  with  natural  circulation  of  the  ac- 
celerated type.  R  is  a  drum-type  (rather  than  a 
header-type)  boUer.  tt  has  tubes  which  are  ar- 
ranged roughly  in  the  shape  of  the  letter  D- 
hence  It  is  often  called  a  D-type  boUer.  It  has 
only  one  ftirnace.  It  does  not  have  controlled 
stiperheat.  It  is  often  classified  as  a  ''600-psi 
boiler,"  although  it  actually  operates  at  about 
435  psig. 

As  previously  noted,  the  degree  of  superheat  ' 
obtained  to  a  single-furnace  boiler  of  the  type 
being  considered  is  primarily  dependent  upon 


the  firhig  rate.  However,  a  number  of  design 
features  and  operational  ccmsiderations  also 
affect  the  temperature  of  the  steam  at  the  super- 
heater outlet. 

Design  features  that  affect  the  degree  of 
superheat  include  (1)  the  type  of  superheater 
installed— that  is,  whether  heated  byccmvection, 
by  radiation,  or  by  both;  (2)  the  locaticm  of  the 
superheater  with  respect  to  the  burners;  (3)  the 
extent  to  which  the  superheater  is  protected  by 
water  screen  tubes;  (4)  the  area  of  superheater 
heat-transfer  surface;  (5)  the  number  of  passes 
made  by  the  steam  in  going  through  the  super- 
heater; (6)  the  locaticm  of  gas  baffles;  and  (7)  the 
volume  and  shape  of  the  fturnace. 

Operational  factors  that  affect  the  degree  of 
superheat  include  (1)  the  rate  of  combustion; 
(2)  the  temperature  of  the  feed  water;  (3)  the 
amount  ofexcessairpassingthroughthefurnace; 
(4)  the  amount  of  moisture  contained  in  the  steam 
entering  the  superheater;  (5)  the  condition  of  the 
superheater  tube  surfaces;  and  (6)  the  condition 
of  the  water  screen  tube  surfaces.  Since  these 
factors  may  affect  the  degree  of  superheat  in 
ways  which  are  not  immediately  apparent,  let  its 
examhie  them  in  more  detail. 

How  does  the  rate  of  combustion  affect  the 
degree  of  superheat?  To  begin  with,  we  might 
imagine  a  simple  relationship  in  which  the  degree 
of  superheat  goes  up  directly  as  the  rate  of  com- 
bustion is  increased.  Such  a  simple  relationship 
does,  in  fact,  exist^but  only  up  to  a  certain 
point.  Throughout  most  of  the  qperaiting  range 
of  this  boiler,  the  degree  of  superheat  goes  up 
quite  steadUy  and  regularly  as  the  rate  of  com- 
bustion goes  up.  Near  full  power,  however,  the 
degree  of  stqperheat  drops  slightly  even  though 
the  rate  of  combustion  is  still  going  up.  Why 
does  this  happen?  Primarily  because  the  in- 
creased firing  rate  results  in  an  increased 
generating  rate,  which  in  turn  results  in  an 
increased  steam  flow  through  the  superheater. 
The  rate  of  |ieat  absorption  increases  more 
rapidly  than  the  rate  of  steam  flow  untU  the 
boiler  is  apevBttog  at  very  nearly  full  power; 
at  this  point  the  rate  of  steam  flow  increases 
more  rapidly  than  the  rate  of  heat  absorption. 
Therefore  the  sitperheater  outlet  temperature 
iirapB  slightly. 

Suppose  that  the  boUer  is  being  fired  at  a 
constant  rate  and  that  the  steam  is  being  used 
at  a  constant  rate.  Jt  we  increase  the  tempera- 
ture of  the  incoming  feed  water,  what  happens  to 
the  superheat?  Does  it  increase,  decrease,  or 
remain  the  same?  Surprisingly,  the  degree  of 
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superheat  decreases  If  the  feed  temperature  is 
increased,  more  saturated  steam  is  generated 
from  the  burning  of  the.  same  amount  of  fUel. 
The  Increased  quantity  ofsaturated  steam  causes 
an  increase  in  the  rate  offlow  through  the  super- 
heater. Sincr  there  is  no  increase  In  the  amount 
of  heat  avj^dable  for  transfer  to  the  superheater, 
the  degree  of  superheat  drops  slightly. 

Under  L  cndit.ions  of  constant  load  and  a  con- 
stant r&(t(r  iii  ^i>mbustioni  ^'hat  hs^ens  to  the 
superheat  !f  the  amount  of  excess  air^  is  in- 
creased? 7o  see  y^hy  an  increase  In  excess  air 
results  in  an  increase  in  temperature  at  the 
superheater  outlet,  we  must  take  it  step  by  step: 

1.  All  increase  in  excess  air  decreases  the 
averac:r'  temperature  in  the  furnace. 

2.  *-^'ith  the  furnace  tenqperature  lowered, 
there  ir  less  temperature  difference  between  the 
gases  of  comi^ustion  and  the  water  in  the  boiler 
tubes. 

3.  Because  of  the  smaller  tenqperatu:  e  dif- 
fereni;e,  the  rate  ci  heat  transfer  i*?  reduced/ 

4.  Because  oi  the  de'^reased  rato  of  heat 
tr^fer,  the  evapor'iticn  mco  Is  reduced. 

5.  The  lower  e;^aporation  ratf^  causes  a 
reduction  In  the  race  of  steam  flo  v  throngh  the 
stiperheater ,  with  a  consequent  rise  in  th«  super- 
heater outlet  temperature. 

In  addition  to  this  c^riei^  of  events,  another 
factor  also  tends  to  incxease  the  supe>r).'>ater 
n^il^l  temperature  wh«;*  tho  amount  l  *  ^k^^sss 
%ir  is  increased.  Large  amaints  of  excess  air 
tend  to  cause  rombustloii  to  occur  in  the  tube 
bt^ik  rstther  tht^ai  in  the  fturnace  itself;  as  a  result, 
the  temperix'ture  in  the  area  around  the  super- 
heater tubes  is  higher  than  usual  and  the  super- 
heater outlet  texivperature  is  higher. 

Any  appreciable  amount  of  moisture  in  the 
steam  entering  the  siiperheater  causes  a  very 
noticeable  drop  in  superheat.  This  occuris  be*- 
cause  steam  cannot  be  siqperheated  as  long  as 
it  is  in  contact  with  the  water  from  which  it  is 
bcting  generated.  U  moisture  enters  the  super- 
heater, therefore,  a  good  deal  of  heat  must  be 
used  to  dry  the  steam  before  the  temperature 
of  the  steam  can  rise. 

The  condition  of  the  superheater  tube  sur- 
faces has  an  important  effect  on  superheater 


The  term  "excess  air"  is  used  to  indicate  any  quan- 
tity of  oombustion  air  in  excess  of  that  which 
theoretically  required  for  the  complete  combustion  of 
the  fuel.  Some  excess  air  is  necessary  for  efficient 
combustion,  but  too  much  excess  air  is  wasteful,  as 
discussed  in  a  later  section  of  this  ohi^r. 


outlet  temperature.  If  the  tubes  have  soot  onthe 
outside  or  scale  on  the  inside,  heat  transfer  will 
be  retarded  and  the  degree  of  superheat  will  be 
decreased. 

If  the  water  screen  tubes  have  soot  on  the 
outside  or  scale  on  the  inside,  heat  transfer  to 
the  water  in  these  tubes  will  be  retarded.  There- 
fore there  will  be  more  heat  available  for 
transfer  to  the  superheater  as  the  gases  of 
combustion  flow  through  the  tube  bank.  Conse- 
quently, the  superheater  outlet  temperature  will 
rise. 

The  single-furnace  boiler  is  lighter  and 
smaller,  for  any  given  output  of  steam,  than  the 
double-furna\.;;  boiler.  Because  the  single- 
fUrnace  boiler  nupplies  superheated  steatu  at 
low  steaming  rates,  the  overall  plant  emclency 
is  better  with  this  type  of  boiief^r  than  with  the 
double-furnace  boiler.  T'n.«  ^t^ingle-fturnace  boiler 
bus  the  f^irther  «^v.>jitage  of  simplicity  of  oper- 
a  ion  and  maintenance.  Although  the  single- 
iumace  boiler  considered  here  does  not  have 
controlled  superheat,  this  lack  is  less  important 
than  might  have  been  supposed,  since  some  of 
the  theoretical  advantages  of  controlled  super- 
heat have  not  been  entirely  t/^alized  in  practice. 

The  basic  design  jf  the  singAe-fturnace  boiler 
has  be  used  Increasingly.  Except  for  esqperi- 
luentai  boilers,  no  double-furnace  boilers  have 
been  installed  on  combatant  $hlps  since  World 
War  n.  The  newer  single-furnace  i^^ilers  operate 
at  approximately  600  psi  or  at  approximately 
1200  psi.  Operating  temperature  at  the  super- 
heater outlet  is  quite  commonly  9?0^F  for  the 
1200-psi  boilers;  this  Is  lOO'Thigh&r  than  the 
operating  temperature  of  most  douHe-furnace 
boilers,  and  200°  F  higher  than  the  operating 
temperature  of  the  older  single-furnace  boilers. 

One  of  the  most  noticeable  aifff/rences  be- 
tween the  older  and  the  neW'^r  single-furr  vce 
boilers  is  the  chunge  in  fu*irnace  design.  Hl^  aer 
heat  release  rates  are  possible  in  the  ne'^er 
boileis.  Although  these  newer  singt^e-f^^rnace 
boile^irs  ire  net  the  type  that  we  refer  to  as 
^'pressi/rized-furnace'^  boilers,  they  do  often 
use  a  slitfMl^  higher  combustion  air  pressure 
than  the  oldr.:r  singtle-fui^nii^*^  boilevs.  The  use  of 
higher  air  pressure  causes  increase  in  the 
velociiif  of  the  combustion  ^es,  and  the  In- 
creased velocity  results  in  a  higher  rate  of  heat 
transf el'  to  the  generating  tubes.  Because  of  the 
increased  heat  release  rates,  a  newer  slngle- 
fUrnace  boiler  is  likely  to  have  a  water-cocAed 
roof  and  water-cooled  rear  walls  as  well  as 
water-cooled  side  walls. 
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In  design  details  and  in  general  configura- 
tion, the  newer  single-ftirnace  boilers  vary 
somewhat  among  themselves.  Figure  10-22 
shows  a  1200-psi  boiler  of  the  type  installed  on 
some  post  World  War  n  destroyers.  Except  for 
the  additional  water-cooled  surfaces,  this  boiler 
is  very  much  like  the  older  singJe-fUrnace 
boilers.  Li  contrast,  figure  10-23  shows  a  type 
of  single-furnace  boUer  that  has  been  installed 
on  some  recent  ships.  The  superheater  tubes 
are  installedvertically,  rather  than  horizontally, 
between  generating  tubes  and  water  screen  tubes. 
Note,  also,  that  there  is  aseparate  water  screen 


header  for  the  water  screen  tubes;  this  feature 
is  quite  unusual  in  single-furnace  boilers,  though 
standard  for  double-ftirnace  boilers. 

New  Types  of  Propulsion  Boilers 

The  field  of  boiler  design  is  by  no  means 
static.  Although  one  trend  predominates*-that  of 
using  highto  pressures  and  temperatures*-there 
are  almost  innumerable  ways  inwhich  the  higher 
pressures  and  temperatures  can  be  achieved. 
New  types  of  boilers  are  constantly  being  devel- 
oped and  tested,  and  existing  boiler  designs  are 


I>1HTIMIMT  DATA 

OPIKATINO  PKCUUM......^.....  IMO  Nie 

STIAM  TIMPtRATimC^..^^.....tso*  F 

RATIO  STIAM  OUTPUT.^...^.....^9i,000  Lit/HR 

TOTAL  HIATINO  SUIIPACI..m...7SfO  SQ  PT 
PURNACI  V0LUMI........^^...^^4M  CU  PT 


Figure  10-22.-Newer  1200-p8i  single-furnace  boUer  for  post  World  War  n  destroyer. 
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Figure  10-23.— Newer  single-furnace  boiler  with  vertical  superheater. 
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subject  to  modification  and  improvement.  The 
new  types  of  boilers  discussed  here  do  not  by 
any  means  exhaust  the  field  of  new  designs; 
indeed,  it  must  be  emphasized  thatawide  diver- 
sity of  design  is  still  possible  inthisfield. 

TOP-FERED  BOILERS.— A  new  boiler  design 
which  is  at  present  being  used  on  some  auxiliary 
ships  is  the  top-fired  boiler.  In  this  boiler,  the 
ftiel  oil  burners  are  located  at  the  top  of  the 
boiler  and  are  fired  downward.  The  top-fired 
boiler  utilizes  certain  new  construction  tech- 
niques, including  welded  walls.  The  boiler  is  of 


the  natural  circulation  type,  with  a  completely 
water-cooled  furnace.  The  only  refractory  mate- 
rial that  is  e^qposed  to  the  gases  of  combustion 
is  the  refractory  that  is  installed  in  corners 
and  in  a  small  area  around  the  burners*  The 
t(q[)-f  ired  boiler  has  an  in-line  generating  tube 
bank  and  a  vertical  siq[>erheater.  It  is  expected 
that  the  t(q[>-fired  boiler  will  be  much  cleaner 
and  thus  require  less  maintenance  than  older 
boilers  of  more  conventional  design. 

CONTROLLED  CIRCULATION  BOILERS.- 
Controlled  (or  forced)  circulation  boilers  have 
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been  uaed  for  some  time  in  stationary  power 
plants,  in  locomotives,  and  in  some  merchant 
ships.  Only  a  few  controlled  circulation  boilers 
have  been  installed  in  the  propulsion  plants  of 
naval  ships,  aixl  of  this  few  the  majority  were 
subsequently  removed  and  replaced  by  conven- 
tional single-fturnace  boilers  with  accelerated 
natural  circulation.  In  theory,  however,  con- 
trolled circulation  has  some  very  marked  ad- 
vantages over  natural  circulation,  and  it  is 
entirely  possible  that  improved  designs  of 
controlled  circulation  boilers  may  be  developed 
for  ftiture  use  in  naval  propulsion  plants. 

b  natural  circulation  boilers,  circulation 
occurs  because^t^ejaacending  mixture  of  water 
and  steam  is  lifter  (less  dense)  than  the  de- 
scending body  of  relatively  cool  and  steam-free 
water.  As  boiler  pressure  increases,  however, 
there  is  less  difference  between  the  density  of 
steam  and  the  density  of  water.  At  pressures 
over  1000  psi,  the  density  of  steam  differs  so 
little  from  the  density  of  water  that  natural  cir- 
culation is  harder  to  achieve  than  it  is  at  lower 
pressures.  At  high  pressures,  controlled  circu- 
lation boilers  have  a  distinct  advantage  because 
their  circulation  is  controlled  by  pumps  and  is 
independent  of  differences  in  density.  Because 
controlled  circulation  boilers  can  be  designed 
without  regard  for  differences  in  density,  they 
can  be  arranged  ip  practically  any  way  that  is 
required  for  a  particular  type  of  installation. 
Thus  a  greater  flexibility  of  arrangement  is 
possible  and  the  boilers  may  be  designed  for 
compactness,  savings  in  space  and  weight  re- 
quirements, and  maximum  heat  absorption. 

There  are  two  main  kinds  of  controlled 
circulation  boilers.  One  type  is  known  as  a 
once-throutfi  or  forced  flow  boiler;  the  other 
type  is  usually  called  a  controlled  circulation 
or  a  forced  recirculation  boiler,  b  both  types, 
external  pumps  are  used  to  force  the  water 
through  the  boiler  circuits;  the  essential  dif- 
ference between  the  two  kinds  lies  inthe  amount 
of  water  supplied  to  the  boiler. 

b  a  once-through  forced  circulation  boiler, 
all  (or  very  nearly  all)  of  the  water  pumped  to 
the  boiler  is  converted  to  steam  the  first  time 
through,  without  any  recirculation.  This  type  of 
boiler  has  no  steam  drum,  but  has  instead  a 
small  separating  chamber.  Water  is  pumped 
into  the  economizer  circuit  and  from  there  to 
the  generating  circuit,  the  amount  of  flow  being 
contrcflled  so  as  to  allow  practically  all  of  the 
water  to  be  converted  into  steam  in  the  gen- 
erating circuit.  The  .very  small  amount  of  water 


that  is  not  converted  to  steam  in  the  generating 
circuit  is  separated  from  the  steam  in  the 
separating  chamber.  The  water  is  discharged 
from  the  separating  chamber  to  the  feed  pump 
suction,  if  it  is  suitable  for  use;  if  it  contains 
solid  matter,  it  is  discharged  through  the  blow- 
down  pipe.  Meanwhile,  the  steam  from  the 
separating  chamber  flows  on  through  the  super- 
heater circuit,  where  it  is  superheated  before 
it  enters  the  main  steam  line. 

Figure  10-24  shows  the  boiler  circuits  of  a 
controlled  circulation  (or  forced  recirculation) 
boiler,  bi  this  boiler,  more  water  is  pumped 
through  the  circuits  than  is  converted  into 
steam.  The  excess  water  is  taken  from  the 
steam  drum  and  is  pumped  through  the  boiler 
circuits  again  means  of  a  circulating  pump. 
This  type  of  boiler  has  a  conventional  steam 
drum  which  contains  a  feed  pipe,  steam  sepa- 
rators and  dryers,  a  desuperheater,  and  other 
fittings.  The  boiler  has  an  economizer,  three 
generating  circuits,  and  a  superheater.  Circu- 
lating pumps,  fitted  as  integral  parts  of  the 
boiler,  provide  positive  circulation  to  all  steam 
generating  surfaces. 

Both  types  of  controlled  circulation  boilers 
have  far  smaller  water  capacity  than  do  natural 
circulation  boilers,  and  therefore  liave  much 
more  rapid  response  to  changes  in  load.  For  this 
reason,  automatic  controls  are  reqjuired  on 
these  boilers  to  ensure  rapid  and  sensitive 
response  to  fuel  and  feed  water  requirements. 

PRESSURIZED-FURNACE  BOILERS.-A 
boiler  recently  developed  for  use  in  naval  pro- 
pulsion plants  is  variously  known  as  a  pres- 
surized-furnace  boiler,  a  pressure-fir  ed  boiler. 
a  supercharged  boiler,  or  a  superchi>t>prftd 
generating  system. 

A  pressurized-furnace  boiler  is  shown  sche- 
matically in  figure  10-25  and  in  cutaway  view  in 
figure  10-26.  As  may  be  seen,  the  boiler  is 
quite  unlike  other  operational  boiler  types  in 
general  configuration.  The  pressurized  fturnace 
is  more  or  less  cylindrical  in  shape,  with  the 
long  axis  of  the  cylinder  running  vertically.  The 
boiler  drum  is  mounted  horizontally,  some  dis- 
tance above  the  pressurised  furnace.  The  drum 
is  connected  to  the  steam  and  water  elements 
in  the  furnace  by  risers  and  downcomers,  all  of 
which  are  external  to  the  casing.  Some  boilers 
of  this  type  are  side-fired.  Others  (indudingthe 
one  shown)  are  t(q[>-fired;  as  may  be  seen  in  fig- 
ures 10-25  and  10-26,  th^  burners  areatthetcqp 
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Figure  10-24.»Schematic  diagram  of  contrcflled  circulation  boiler. 
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of  the  pressurized  iUrnace,  firing  downward  into 
the  furnace. 

The  burners,  specially  designed  for  the 
pressurized-fturnace  boiler,  are  quite  unlike  any 
we  have  thus  far  considered.  The  burners  are 
designed  to  bum  distillate  fuel  richer  ttianNavy 
Special  fuel  oil.  There  are  no  air  register  doors. 
There  are  three  burners  per  boiler,  and  each 
burner  includes ,  a  special  type  of  straight  me- 
chanical atomizer  (not  return-flow)  which  uti- 
lizes three  sprayer  plates  at  the  same  time.  All 
three  burners  are  operated  simultaneously,  and 
all  three  sprayer  plates  remain  in  place  in  each 
atomizer.  The  sprayer  plates  operate  in  se- 
quence to  meet  changing  conditions  of  load.  The 
design  of  these  burners  allows  an  enormously 
wide  range  of  operation  without  cutting  burners 


in  or  out  and  without  even  changing  sprayer 
plates. 

The  generating  tiibes  run  vertically  inside 
the  pressurized  furnace.  The  s^per heater  is  an 
annular  pancake  arrangement  inserted  into  the 
bottom  of  the  pressure  vessel.  The  superheater 
is  designed  to  be  removed  without  disturbing  the 
main  components  of  ttie  boiler. 

The  air  compressor  which  supplies  the  com- 
bustion air  under  pressure  is  driven  by  a  gas 
turbine.  The  air  compressor  and  the  gas  turbine 
together  are  referred  to  as  the  supercharger. 
Part  of  the  energy  needed  for  driving  the  gas 
turbine  is  obtained  from  the  combustion  gases 
leaving  the  boiler  furnace.  The  combustion  gases 
expBXid  through  the  gas  turbine,  and  some  of  the 
heat  is  converted  into  work.  This  is  the  same 
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Figure  10-25.— Schematic  view  of  pressurized-furnace  boUer. 
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kind  of  energy  transformation  that  occurs  in  a 
steam  turbine;  the  difference  is  that  hot  com- 
bustion gases,  rather  than  steam,  carry  the 
energy  to  the  gas  turbine.  After  the  combustion 
gases  leave  the  gas  turbhie,  some  of  the  remahi- 
ing  heat  may  be  used  to  heat  feed  water  as  it 
flows  through  an  economizer. 

There  are  no  forced  draft  Uowers  in  pres- 
surized-furnace boiler  installations.  The  super- 
charger takes  the  place  of  the  forced  draft 
blowers,  thus  greatly  increaslngplant  efficiency. 
The  steam  saved  Iqr  the  use  of  a  supercharger 
instead  of  forced  draft  blowers  may  amount  to  as 
much  as  8  or  10  percent  of  boiler  capacity. 

Altogether,  a  pressurized-ftirnace  boiler  is 
not  much  more  than  half  the  size  and  half  the 
weight  of  a  conventional  boiler  of  equal  steam 


capacity,  A  large  part  of  this  saving  of  space  and 
weight  occurs  because  the  increased  pressure^ 
on  the  combustion  gas  side  causes  a  very  great 
increase  in  the  rate  of  heat  transfer  to  the  water 
in  the  tubes.  Thus  a  smaller  generating  surface 
is  required  to  generate  the  same  amount  of 
steam.  Another  cause  of  space  and  weight  saving 
Is  that  the  general  design  of  the  pressurized- 
ftirnace  boiler  elimbiates  the  need  for  much  of 
the  refractory  material  that  is  required  hi  other 


Forced  draft  blowers  for  conventional  boUer  instal- 
lations furnish  air  pressures  ranging  0  to  10 
psig.  In  a  pressurized-ftimaoe  boiler,  the  air  oom- 
pressor  siqjplies  oombustion  air  at  pressures  ranging 
from  30  to  90  psig. 
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Figure  10-26.— Cutaway  view  of  pres8urlzed>furnace  boiler. 
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boilers.  A  pressurized-ftirnace  boiler  may  re- 
quire only  about  2000  pounds  of  refractory,  as 
against  the  21|000  pounds  or  more  usually  re- 
quired in  a  conventional  boiler  of  equal  capacity. 

Increased  efficiency,  a  substantial  saving 
in  space  and  weight  requirements,  a  substantial 
reduction  in  ship's  force  maintenance  require- 
ments, shorter  boiler  start-up  time,  and  better 
maneuverability  and  control  are  the  major  ad- 
vantages of  the  pressurized-fUrnace  boiler.  Al- 
though some  operational  and  maintenance  prob- 
lems do  exist  with  this  boUer,  it  aiq[)ears  likely 
that  most  of  them  can  eventually  be  solved  by 
increased  training  of  personnel,  increased  pre- 
cision in  the  erection  of  the  boilers,  and  perhaps 
continued  refinements  of  design  and  construc- 
tion. 

BOILER  WATER  REQUIREMENTS 

Modern  naval  boilers .  cannot  be  operated 
safely  and  efficiently  without  careful  control  of 
boiler  water  quality.  U  boiler  water  conditions 
are  not  Just  precisely  right,  the  high  operating 
pressures  and  temperatures  of  modern  boilers 
will  lead  to  rapid  deterioration  of  the  boUer 
metal,  with  the  possibility  of  serious  casualties 
to  boiler  pressure  pans. 

Although  our  ultimate  concern  is  with  the 
water  actually  in  the  boiler,  we  cannot  consider 
boiler  water  alone.  We  must  also  consider  the 
water  in  the  rest  of  the  system,  since  we  are 
dealing  with  a  closed  cycle  in  which  water  is 
heated,  steam  is  generated,  steam  is  condensed, 
and  water  is  returned  to  the  boiler.  Because  the 
cycle  is  continuous  and  closed,  the  same  water 
remains  in  the  system  excejpt  for  the  water  that 
is  lost  by  boiler  blowdownS  and  the  very  small 
amount  of  water  that  esciqpes,  either  as  steam 
or  as  water,  and  is  replaced  by  makeup  feed. 


There  are  two  kinds  of  boiler  blowdown:  surfaoe 
blowdown  and  bottom  blowdown*  Surfaoe  blowdown  is 
used  to  remove  foam  and  other  lic^  oontaminants 
from  the  surface  of  the  water  in  the  steam  drum. 
Bottom  blowdown  is  used  to  remove  sludge  and  other 
material  that  tends  to  settle  in  the  lower  parts  of  the 
boiler.  Both  surfaoe  blowdown  and  bottom  blowdown 
nuty  be  used  to  remove  a  portion  of  the  boiler  water 
so  that  it  oan  be  replaced  with  purer  makeup  feed, 
thereby  lowering  the  ohloride  content  of  the  boiler 
water.  Surfaoe  blows  mi^  be  given  while  the  boiler  is 
steaming;  bottom  blows  must  not  be  given  until  some 
time  after  the  boiler  has  beenseoured.  The  valves  and 
piping  used  f6r  making  surfaoe  and  bottom  blows  are 
discussed  in  ohiqster  11  of  this  text. 


Although  we  must  remember  the-lcontinuous 
or  cyclical  nature  of  the  shipboard  steam  plant, 
we  must  also  distinguish  between  the  water  at 
different  points  in  the  system.  This  distinction 
is  necessary  because  different  standards  are 
prescribed  for  the  water  at  different  points.  To 
identify  the  water  at  various  points  in  the  steam  - 
water  cycle,  the  following  terms  are  used: 

Distillate  or  sea  water  distillate  is  the  fresh 
water  that  is  discharged  from  the  ship's  distill- 
ing plants.  This  water  is  stored  inftesh  water  or 
feed  water  tanks.  All  water  in  the  steam -water 
cycle  begins  originally  as  distillate. 

Makeup  feed  is  distillate  usedas  replacement 
for  any  water  that  is  lost  or  removed  from  the 
closed  steam  -  water  cycle. 

Condensate  is  the  water  that  results  from  the 
condensation  of  steam  in  the  main  and  auxiliary 
condensers.  This  water  is  called  condensate  until 
it  reaches  the  deaerating  feed  tank. 

Boiler  feed  or  feed  water  is  the  water  in  the 
system  between  the  deaerating  feed  tank  andthe 
boiler. 

Deaerated  feed  water  is  feed  water  that  has 
passed  through  deaerating  feed  tank  and  has  had 
the  dissolved  or  entrained  oxygen  removed  from 
it. 

BoUer  water  is  the  water  actually  contained 
within  a  boiler  at  any  given  moment. 

Sea  water,  the  source  of  practically  all  fresh 
water  used  aboard  ship,  contains  about  35,000 
parts  per  million  (ppm)  of  sea  salts.  This  is 
equivalent  to  roughly  70  pounds  of  sea  salts  per 
ton  of  water.  When  sea  water  is  evaporated  and 
the  vapor  is  condensed  in  thedi8tiUinefiaant,the 
resulting  distillate  contains  about  1.75  ppm  of 
sea  salts,  or  roughly  70  pounds  per  20,000  tons. 
In  other  words,  distillate  is  actually  dUuted  sea 
water— sea  water  that  is  dUuted  to  about  1/20,000 
of  its  original  concentration,  ft  is  not  ''pure 
water."  Li  considering  water  problems  and 
water  treatment,  it  is  essential  to  remember  that 
the  basic  inqxirity  of  sea  water  distillate  would 
make  water  treatment  necessary  even  if  no  other 
invnirities  entered  the  water  from  other  sources. 
The  salts  that  are  present  in  sea  water— and, 
therefore,  to  a  lesser  extent  in  distillate— are 
chiefly  compounds  of  sodium,  calcium,  andmag- 
nesiiun. 

Although  makeup  feed  enters  the  tanks  as 
distillate,  the  makeup  feed  usually  contains  a 
slightly  higher  proportion  of  inqpurities  thanthe 
distillate.  The  difference  is  accounted  for  by 
slight  seepage  or  other  contamination  of  the 
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\vater  after  it  has  remained  in  the  tanks  for 
some  time. 

Just  as  distillate  is  diluted  sea  water,  so 
steam  condensate  is  basically  a  diluted  form  of 
boiler  water.  The  amount  of  solid  matter  car- 
ried over  with  the  steam  varies  considerablyi 
depending  upon  the  design  of  the  boiler,  the 
condition  of  the  boiler,  the  nature  of  the  water 
treatment,  the  manner  in  which  the  boiler  is 
operated,  and  other  factors.  In  general,  con- 
densate contains  from  1.7  to  3.5  ppm  of  solid 
matter,  or  roughly  70  pounds  per  20,000  to 
10,000  tons.  Condensate  may  pick  up  additional 
contamination  in  various  ways.  Salt  water  leaks 
in  the  condenser  increase  the  amount  of  sea 
salts  present  in  the  condensate.  Oil  leaks  in 
the  fuel  oil  heaters  may  contaminate  the  con- 
densate. Corrosion  products  from  steam  and 
condensate  lines  may  also  be  present  in  con- 
densate. Under  ideal  conditions,  condensate 
should  be  no  more  contaminated  than  sea  water 
distillate;  under  many  actual  conditions,  it  is 
more  contaminated. 

The  iBOlid  content  of  the  water  (Boiler  feed 
water)  in  the  system  between  the  deieierating 
feed  tank  and  the  boiler  is  essentially  the  same 
as  the  solid  content  of  the  condensate.  The  main 
difference  between  condensate  and  deaerated 
boiler  feed  is  that  most  of  the  dissolved  gases 
are  removed  from  the  water  in  the  deaerating 
feed  tank. 

Practically  all  of  the  impurities  that  are 
present  in  feed  water,  including  those  originally 
present  in  the  sea  water  distillate  and  those 
that  are  picked  up  later,  will  eventually  find 
their  way  to  the  boiler.  As  steam  is  generated 
and  leaves  the  boiler,  the  concentration  of  im- 
purities in  the  remaining  boiler  water  becomes 
greater  and  greater.  In  other  words,  the  boiler 
and  the  condenser  together  act  as  a  sort  of 
distilling  lAant,  redistilling  the  water  received 
from  the  ship's  evaporators.  In  consequence, 
the  boiler  water  would  become  more  and  more 
contaminated  if  steps  were  not  taken  to  deal 
with  the  increasing  contamination. 

As  an  example,  suppose  that  a  boiler  holds 
10,000  pounds  of  water  at  steaming  level,  and 
suppose  that  steam  is  being  generated  at  the 
rate  of  50,000  pounds  per  hour.  After  an  hour 
of  operation  there  would  be  approximately  five 
times  as  much  solid  matter  in  the  boiler  water 
as  there  was  in  the  entering  feed  water.  Now  if 
we  continued  to  steam  this  boiler  for  another 
2000  to  4000  hours  without  using  blowdown 
and  without  using  any  kind  of  boiler  water 


treatment,  the  boiler  water  would  contain  just 
about  the  same  concentration  of  sea  salts  as  the 
original  sea  water  from  which  the  distillate  was 
nuule.  In  addition,  the  boiler  water  would  con- 
tain increasingly  large  qiuantities  of  corrosion 
products  and  other  foreign  matter  picked  up  in 
the  steam  and  condensate  systems. 

If  we  continued  to  steam  the  boiler  with  the 
water  in  this  condition,  the  boiler  would  dete- 
riorate rapidly.  To  prevent  such  deterioration, 
it  is  necessary  to  do  the  following  things: 

1.  Maintain  the  Incoming  feed  water  at  the 
highest  possible  level  of  purity  and  as  free  as 
possible  of  dissolved  oxygen. 

2.  Use  chemical  treatment  of  the  boiler 
water  to  counteract  the  effects  of  some  of  the 
impurities  that  are  bound  to  be  present. 

3.  Use  blowdown  at  regular  intervals  to  re- 
move some  of  the  more  heavily  contaminated 
water  so  that  it  may  be  replaced  by  purer  feed 
water. 

Although  there  are  many  sources  of  boiler 
water  contamination,  the  contaminating  mate- 
rials tend  to  produce  three  main  problems  when 
they  are  concentrated  or  accumulated  in  the  i 
boiler  water.  Therefore,  boiler  water  treatment  j 
is  aimed  at  controlling  the  three  problems  of 
(1)  waterside  deposits,  (2)  waterside  corrosion,  { 
and  (3)  carryover.       ,  /  f 

Waterside  deposits  Interfere  with  heat  trans-  \ 
fer  and  thus  cause  overheating  of  the  boiler  | 
metal.  The  general  manner  in  which  a  water-  ) 
side  deposit  causes  overheating  of  a  boiler  tube  ] 
is  shown  in  figure  10-27.  In  a  boUer  operathig  \ 
at  600  psi,  the  temperature  inside  a  generating  ] 
tube  may  be  approximately  500  and  the  tem-  I 
perature  of  the  outside  of  the  tube  may  be  ap- 
proximately 100^  F  higher.''  Where  a  waterside 
deposit  exists,  however,  the  tube  cannot  trans-  \ 
fer  the  heat  as  rapidly  as  it  receives  it.  As  \ 
shown  in  figure  10-27,  the  inside  of  the  tube  j 
has  reached  a  temperature  of  800^  F  at  the  point 
where  the  waterside  d^osit  is  thickest.  The  | 
tube  metal  is  overheated  to  such  an  extent  that  j 
it  becomes  plastic  and  blows  out  into  a  bubble  } 
or  blister  under  boiler  pressure.  ? 

Waterside  deposits  that  must  be  guarded  ; 
against  include  sludge,  oil,  scale,  corrosion  j 


The  temperatures  used  in  this  example  do  not  apply 
to  all  situations  in  which  a  boiler  tube  is  overheated.  ] 
The  exact  temperatures  of  the  inside  andoutside  of  the 
tube  would  depend  upon  the  operating  pressure  of  the 
boiler  t  the  location  of  the  tube  in  the  boiler,  the  nature 
of  the  deposit*  and  various  other  factors. 
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Figure  10-27.  ^Effect  of  waterside  deposit  on 
boiler  tube. 

deposits,  and  products  formed  as  the  result  of 
chemical  reactions  of  the  tube  metal. 

The  term  ^^waterside  corrosion^^  is  used  to 
include  both  localized  pitting  and  general  corro- 
sion. Most  waterside  corrosion  is  electro- 
chemical in  nature.  There  are  always  some 
slight  variations  (both  chemical  and  physical) 
in  the  surface  of  any  boiler  metal.  These  small 
chemical  and  physical  variations  in  the  metal 
surface  cause  slight  differences  in  electrical 
potential  between  one  area  of  a  tube  and  another 
area;  Some  areas  are  anodes  (positive  termi- 
nals) and  others  are  cathodes  (negative  termi- 
nals). Iron  from  the  boiler  tube  tends  to  go  into 
solution  more  rapidly  at  the  anode  areas  th^n 
at  other  points  on  the  boiler  tube.  Electrolytic 
action  cannot  be  completely  prevented  in  any 
boiler  9  but  it  can  be  kept  to  a  minimum  by 
maintaining  the  boiler  water  at  the  proper  alka- 
linity aifd^  by  keeping  the  dissolved  oxygen  con- 
tent of  the  boiler  water  as  low  as  possible. 

The  presence  of  dissolved  oxygen  in  the 
boiler  water  contributes  greatly  to  the  type  of 
corrosion  in  which  electrolytic  action  makes 
pits  or  holes  of  the  type  shown  in  figure  10-28. 
A  pit  of  this  type  actually  indicates  an  anodic 
area  in  which  iron  from  the  boiler  tube  has 
gone  into  soluticm  in  the  boiler  water. 

General  corrosion  occurs  when  conditions 
favor  the  formation  of  many  small  anodes  and 
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Figure  10-28.— Localized  pit  in  boiler  tube 
caused  by  dissolved  oxygen  in  the 
boiler  water. 

cathodes  on  the  surface  of  the  boiler  metal.  As 
corrosion  proceeds,  the  anodes  and  cathodes 
constantly  change  location.  Therefore,  there  is 
a  general  loss  ct  metal  over  the  entire  surface. 
General  corrosion  may  occur  if  the  chloride 
content  of  the  boiler  water  is  too  high  or  if  the 
alkalinity  is  either  too  low  or  too  high. 

The  third  major  proolem  that  results  from 
boiler  water  contamination  is  carryover.  Under 
some  circumstances,  very  small  particles  of 
moisture  (almost  like  a  fine  mist)  are  carried 
over  withthe  steam.  Under  other  circumstances, 
large  gulps  or  slugs  of  water  are  carried  over. 
The  term  priming  is  generally  used  to  describe 
the  carryover  of  large  quantities  of  water.  Both 
kinds  of  carryover  are  dangerous  and  both  can 
cause  severe  damage  to  superheaters,  steam 
lines,  turbines,  and  valves.  Whatever  moisture 
or  water  is  carried  over  with  the  steam  brings 
with  it  the  solid  matter  that  is  dissolve^  or 
suspended  in  the  water.  This  solid  matter  tends 
to  be  deposited  on  turbine  blades  and  in  super- 
heater tubes  and  valves.  Figure  10-29  shows  a 
superheater  tube  in  which  solid  matter  has  been 
deposited  as  a  result  of  carryover.  Priming,  or 
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38.140 

Figure  10-29. —Evidence  of  carryover  in 
superheater  tube. 


the  carryover  of  large  slugs  of  ^ter,  is  partic- 
ularly dangerous  because  it  can  do  such  severe 
damage  to  machinery.  For  example,  priming  can 
actually  rip  turbine  blades  from  their  wheels* 
One  cause  of  carryover  is  foaming  of  the 
boiler  water.  Foaming  occurs  when  the  water 
contains  too  much  dissolved  or  suspended  solid 
matter.  The  solids  tend  to  stabUize  the  bubbles 
and  cause  them  to  pile  up  instead  of  bursting. 
If  a  great  deal  of  solid  matter  is  present  in  the 
boiler  water,  a  considerable  amount  of  foam 


wUl  pile  up.  Under  these  conditions,  carryover 
is  almost  sure  to  occur. 

In  order  to  counteract  the  effects  of  the  im- 
purities in  boUer  water,  it  is  necessary  to  have 
a  precise  knowledge  of  the  actual  condition  of 
the  water.  This  knowledge  is  obtained  by  fre- 
quent tests  of  the  boUer  water  and  of  the  feed 
water.  Boiler  water  tests  include  chloride  tests, 
hardness  tests,  alkalinity  tests,  pH  tests,  phos- 
phate tests,  and  electrical  conductivity  tests 
which  indicate  the  dissolved  solid  content  of  the 
boiler  water.^  Feed  water  is  tested  routinely 
for  chloride,  hardness,  and  disscflved  oxygen; 
alkalinity,  pH,  phosphate,  and  electrical  conduc- 
tivity tests  are  not  normally  made  on  feed  water. 
The  fregqency  of  boiler  water  and  feed  water 
tests  is  specified  by  the  Naval  Ship  Systems 
Command.  Also,  the  allowable  limits  of  con- 
tamination are  specified  by  the  Naval  Ship  Sys- 
tems Command.  In  general,  the  requirements 
for  purity  of  boiler  water  become  more  stringent 
with  increasing  boiler  pressure. 

Water  tests  aboard  ship  are  made  by  the  oil 
and  water  king  (usually  a  Boilerman),  although 
certain  aspects  of  the  preparation  and  handling 
of  the  chemicals  may  require  the  supervision 
of  an  officer.  The  tests  require  some  knowledge 
of  chemistry  and  a  high  degree  of  precision  in 
preparing,  using,  and  measuring  the  chemicals. 
Therefore,  only  personnel  holding  a  current 
certification  resulting  from  successful  comple- 
tion of  a  NavShips  boUer  water/feed  water  test 
and  treatment  training  course  may  test  and 
treat  boiler  water  and  feed  water  on  prqpulsion 
boilers. 

Some  of  the  water  tests  made  aboard  ship 
give  a  direct  indication  of  just  what  contaminat- 
ing substance  is  present,  and  in  just  what  amount 
it  is  present.  In  other  cases,  it  is  more  im- 
portant to  know  what  effects  the  contaminating 
substances  have  upon  the  water  than  it  is  to 
know  what  the  substances  are  or  exactly  how 
much  of  each  is  present.  Therefore,  some  water 
tests  are  designed  to  measure  properties  the 
water  acquires  because  of  the  presence  of  vari- 
ous impurities. 

The  term  chloride  content  really  refers  to 
the  concentration  of  the  chloride  ion,  rather 
than  to  the  concenti*ation  of  any  one  sea  salt. 


Note,  however».  that  no  one  ship  makes  ail  of  these 
tests  of  boiler  water.  The  types  of  boiler  water  tests 
required  on  wny  particular  shipdependupon the  method 
of  boiler  water  treatment  authorized  for  that  ship* 
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Because  the  concentration  of  chloride  ions  is 
relatively  constant  in  sea  water,  the  chloride 
content  is  used  as  a  measure  of  the  amount  of 
solid  matter  that  is  derived  through  sea  water 
contamination.  The  results  of  the  chloride  test 
are  used  as  one  indication  of  the  need  for  blow- 
down.  Chloride  content  is  expreaaed  in  equiva- 
lents per  million  (emp).^ 

Hardness  is  a  property  that  water  acquires 
because  of  the  presence  of  certain  dissolved 
I  salts.  Water  in  which  sosqp  does  not  readUy 
I  form  a  lather  is  said  to  be  hard. 
{  Alkalinity  is  a  property  that  the  water  ac- 
I  quires  because  of  the  presence  of  certain  im- 
I  purities.  On  ships  that  make  alkalinity  tests, 
I  the  results  are  e^ressed  in  epm. 

'  Some  ships  are  required  to  determine  the  pH 
;  value,  rather  than  the  alkalinity,  of  the  boiler 
I  water.  The  pH  unit  does  not  measure  alkalinity 
directly;  however,  it  is  related  to  lUkaliiJty  in 
such  a  way  that  a  pH  number  gives  an  indication 
of  the  acidity  or  alkalinity  of  the  v/ater.  The 
pH  scale  of  numbers  runs  from  0  to  14.  On 
this  scale,  pH  7  is  the  neutral  point.  Solutions 
having  pH  values  above  7  are  defined  as  alkaline 
solutions.  Solutions  havingpH  values  below  7  are 
defined  as  acid  solutions. 

Boiler  water  that  is  treated  with  phosphates 
must  be  tested  for  phosphate  content.  Boiler 
water  that  is  treated  with  standard  Navy  boiler 
compound  is  not  tested  for  phosphates.  Phos- 
phate content  is  eaqpressTed  in  parts  per  million 
(ppm).  When  the  phosphate  content  of  boiler 
water  is  maintained  within  the  specified  limits, 
the  hardness  of  the  water  should  be  zero.  There- 
fore, hardness  tests  are  not  required  for  boUer 
water  when  phosphate  water  treatment  is  used. 

The  test  for  chloride  content  indicates  some- 
thing  about  the  amount  of  solid  matter  that  is 
present  in  the  boUer  water,  but  it  indicates  only 
the  solid  matter  that  is  there  because  of  sea 
I  water  contamination.  It  does  not  indicate  any- 
thing about  other  solid  matter  that  may  be  dis- 
solved in  the  boiler  water.  A  more  accurate 
indication  of  the  total  amount  of  dissolved  solids 


Equivalents  per  million  can  be  defined  as  the  number 
of  equivalent  parts  of  a  substance  per  millionparts  of 
some  other  substance.  The  word  "equivalent**  here 
refers  to  the  ohemicalequivalentweight  of  a  substance* 
For  example^  if  a  substance  has  aohemipal equivalent 
weight  of  35.5»  a  solution  containing  35.5  parts  per 
million  is  described  as  having  a  concentration  of  1 
epm. 


can  be  obtained  by  measuring  the  electrical 
conductivity  of  the  boiler  water,  since  this  is 
related  to  the  total  dissolved  solid  content.  All 
ships  are  now  furnished  with  special  electrical 
conductivity  meters  for  measuring  the  conduc- 
tivity of  the  boUer  water.  The  total  dissolved 
solid  content  is  e^gpressed  hi  micromhos,  a  xmit 
of  electrical  conductivity. 

As  a  regular  routine,  the  test  for  dissolved 
oxygen  is  made  only  on  feed  water,  although 
occasional  testing  of  water  in  other  parts  of 
the  system  is  recommended.  A  chemical  test 
for  dissolved  oxygen  is  made  aboard  ship.  Since 
this  test  cannot  detect  dissolved  oxygen  in  con- 
centrations of  less  than  0.02  ppm,  more  sensi- 
tive laboratory  tests  are  sometimes  made  as  a 
theck  on  the  operation  of  the  deaerating  feed 
tanks. 

When  tests  of  the  boiler  water  show  that  the 
water  is  not  within  the  prescribed  limits,  chem- 
ical treatment  and  blowdown  are  instituted. 
Several  methods  of  chemical  treatment  are  now 
authorized.  Each  method  is  designed  to  com- 
pletely eliminate  hardness  and  to  maintain  the 
alkalhiity  (or  the  pH  value)  within  the  prescribed 
limits.  The  method  of  boiler  water  treatment 
specified  for  each  ship  is  the  method  that  will 
best  perform  these  two  functions  and,  at  the 
same  time,  take  account  of  the  total  concen- 
tration of  solids  that  can  be  tolerated  in  the 
particular  type  of  boiler.  The  type  of  water 
treatment  authorized  for  any  particular  ship  is 
specified  by  the  Naval  Ship  Systems  Command; 
it  is  not  a  matter  of  choice  by  ship's  personnel. 

Chemical  treatment  of  the  boiler  water  in- 
creases, rather  than  decreases,  the  need  for 
blowdown.  The  chemical  treatment  counteracts 
the  effects  of  many  of  the  impurities  in  the 
boiler  water,  but  at  the  same  time  it  hicreases 
the  total  amount  of  solid  matter  hi  the  boiler 
water  and  thus  hicreases  the  needfor blowdown. 
Each  steam  boiler  must  be  given  a  surface  blow 
at  least  once  a  day,  and  more  often  if  the  water 
tests  hidicate  the  need.  Bottom  blows  are  given 
at  least  once  a  week,  usually  about  an  hour  after 
the  boiler  has  been  secured.  Bottom  blows  must 
not  be  given  while  a  boiler  is  steaming.  Special 
instructions  for  boiler  blowdown  are  issued  to 
certain  categories  of  ships. 

COMBUSTION  REQUIREMENTS 

Certain  requhrements  must  be  met  before 
combustion  can  occur  in  the  boiler  furnace.  The 
fuel  must  be  heated  to  the  temperature  that  will 
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give  it  the  proper  viscosity  for  atomization.  It 
should  be  NOTED,  however,  that  with  the  con- 
version to  the  new  distillate  ftiel  (NSDF),  the 
ftiel  will  not  need  to  be  heated  as  the  viscosity 
is  much  lower  than  the  ftiel  oil  (NSFO)  now  being 
used.  The  fiiel  must  be  forced  into  the  furnace 
under  pressure  through  the  atomizers  which 
divide  the  fiiel  into  very  fine  particles.  Mean- 
while, combustion  air  must  be  forced  into  the 
ftirnace  and  admitted  in  such  a  way  that  the  air 
will  mix  thoroughly  with  the  finely  divided  fuel. 
And  finally,  it  is  necessary  to  supply  enough 
heat  so  that  the  fuel  will  ignite  and  continue  to 
burn. 

Combustion  is  a  chemical  process  which 
results  in  the  rapid  release  of  energy  in  the 
form  of  heat  and  light.  When  a  fuel  bums,  the 
chemical  reactions  between  the  combustible 
elements  in  the  fuel  and  the  oxygen  in  the  air 
result  in  new  compounds.  The  combustible  com- 
ponents of  ftiel  are  mainly  carbon  and  hydrogen, 
which  are  present  largely  in  the  form  of  hydro- 
carbons. Sulfur,  oxygen,  nitrogen,  and  a  small 
amount  of  moisture  are  also  present  in  fuel. 

In  almost  all  burnbig  processes,  the  prin- 
cipal reactions  are  the  combination  of  the  car- 
bon and  the  hydrogen  in  the  fuel  with  the  oxygen 
in  the  air  to  form  carbon  dioxideanda  relative- 
ly small  amount  of  water  vapor.  In  the  absence 
of  sufficient  air  to  form  carbon  dioxide,  carbon 
monoxide  will  be  formed.  A  reaction  of  lesser 
importance  is  the  combination  of  sulfur  and 
oxygen  to  form  sulfur  dioxide. 

Atmospheric  air  is  the  source  of  oxygen  for 
the  combustion  reactions  occurring  in  a  boiler 
furnace.  Air  is  a  mixture  of  oxygen,  nitrogen, 
and  small  amounts  of  carbon  dioxide,  water 
vapor,  and  inert  gases.  The  iqK>i^3cimate  com- 
position of  air,  by  weight  and  by  volume,  is  as 
follows: 


Element 


Oxygen. 


Nitrogen,  etc. 


Weight 
(Percent) 

23.15 

76.85 


Volume 
(Percent) 

20.91 


79.09 


At  the  prpper  temperature,  the  oxygen  in 
the  air  combines  chemically  with  the  combus- 
tible substances  in  the  fuel.  The  nitrogen, 
which  Is  76.85  percent  by  weight  of  all  air  en- 
tering the  furnace,  serves  no  useful  purpose  in 
combustion  but  Is  rather  a  direct  source  of  heat 
loss,  since  it  absorbs  heat  In  passing  through 


the  furnance  and  carries  off  a  considerable 
amount  of  heat  as  it  goes  out  the  stack. 

When  a  combustion  reaction  occurs,  a  defi- 
nite amount  of  heat  is  liberated.  Ilie  total 
amount  of  heat  released  by  the  combustion  of  a 
fuel  is  the  sum  of  the  heat  released  by  each 
element  in  the  fuel.  The  amount  of  heat  liber- 
ated in  the  burning  of  each  of  the  principal  ele- 
ments in  ftiel  oil  is  as  follows: 


Element 


Chem-    Heat  Released 
leal     By  Combustion 
Symbol  (BTUperlb) 


Hydrogen  (to  water).  .     H2  6j2,000 

Carbon  (to  carbon 

monoxide)   C  4,440 

Carbon  (to  carbon 

dioxide)   C  14,540 

Sulfur  (to  suUtir 

dioxide)   S  4,050 

Notice  that  much  more  heat  is  liberated  when 
carbon  is  burned  to  carbon  dioxide  than  when  it 
is  burned  to  carbon  monoxide,  the  difference 
being  10,100  Btu  per  pound.  In  burning  to  car- 
bon monoxide,  the  carbon  is  not  completely 
oxidized;  in  burning  to  carbon  dioxide,  the  car- 
bon combines  with  all  the  oxygen  possible,  and 
thus  oxidation  is  complete. 

Thus  tBx  in  this  discussion,  we  have  assumed 
that  the  oxygen  necessary  for  combustion  was 
present  in  the  exact  amount  required  for  the 
complete  combustion  of  all  the  combustible  ele- 
ments in  the  ftiel.  However,  it  is  not  a  simple 
matter  to  introduce  just  exactly  the  required 
amount  of  oxygen^no  more,  no  less^into  the 
boiler  ftirnace. 

Since  atmospheric  air  is  the  source  of  oxygen 
for  the  combustion  process  that  occurs  in  the 
boiler  ftirnace,  let  us  first  calculate  the  amount  of 
air  that  would  be  needed  to  furnish  1  pound  of 
oxygen.  By  weiglit,  the  composition  of  air  Is 
23.15  percent  oxygen  and  76.85  percent  nitrogen 
(disregarding  the  very  small  qMantities  of  other 
gases  present  in  air).  To  stQqply  1  poundof  oacy- 
gen  for  combustion,  therefore,  it  Is  necessary  to 
supply  1/0.2315  or  4.32  pounds  of  air. 

Since  nitrogen  constitutes  76. 85  percent  of  the 
air  (by  weight),  the  amount  of  nitrogen  in  this 
4.32  pounds  of  air  will  be  0.7685  x  4.32  or  3.32 
pounds.  As  mentionedbefore,  the  nitrogen  serves 
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no  useful  purpose  in  combustion  and  is  a  direct 
source  of  heat  loss. 

Calculations  will  show  that  approximately 
14  pounds  of  air  will  furnish  the  oxygen  theo- 
retically required  for  the  complete  combustion 
of  1  pound  of  ftiel.  In  actual  practice,  of  course, 
the  amount  of  air  necessary  to  ensure  complete 
combustion  must  be  somewhat  in  excess  of  that 
theoretically  required.  About  10  to  15  percent 
excess  air  is  usually  sufficient  to  ensure  proper 
combustion.  Too  much  excess  air  serves  no 
useful  purpose,  but  merely  absorbs  and  carries 
off  heat. 

When  Aiel  is  burned  in  the  boiler  furnace, 
the  difference  between  the  HEAT  INPUT  andthe 
HEAT  ABSORBED  represents  the  HEAT  LOSS. 
Heat  losses  may  be  unavoidable,  avoidable,  or— 
in  some  cases— avoidable  only  to  a  limited  ex- 
tent. Most  heat  losses  may  be  accounted  for, 
but  some  losses  cannot  normally  be  accounted 
for. 

All  fuel  contains  a  small  amount  of  mois- 
ture which  must  be  evaporated  and  superheated 
to  the  furnace  temperature.  Since  the  expendi- 
ture of  heat  for  this  purpose  constitutes  a  heat 
loss  in  terms  of  boiler  efficiency,  every  pre- 
caution should  be  taken  to  prevent  contamination 
of  the  fuel  oU  with  water. 

All  fuel  contains  some  hydrogen  which,  when 
combined  ^ith  oxygen  by  the  process  of  com- 
bustion, forms  water  vapor.  This  water  vapor 
must  be  evaporated  and  superheated,  andinboth 
processes  it  absorbs  heat.  Consequently,  al- 
though the  heat  of  combustion  of  hydrogen  is 
very  great,  a  small  heat  loss  occurs  because 
the  water  vapor  formed  as  a  result  of  the  com- 
bustion of  hydrogen  must  be  evaporated  and 
superheated. 

Since  atmospheric  air  is  the  source  of  the 
oxygen  utUized  fo^  combustion  in  the  boiler 
furnace,  there  is  bound  to  be  some  moisture  in 
the  combustion  air.  This  moisture  must  be 
evaporated  and  superheated,  and  therefore  con- 
stitutes a  heat  loss. 

The  heat  loss  due  to  heat  being  carriedaway 
by  combustion  gases  is  the  greatest  of  all  the 
heat  losses  that  occur  in  a  boiler.  Although 
much  of  this  heat  loss  is  unavoidable,  some 
may  be  prevented  by  keeping  all  heat-transfer 
surfaces  clean  and  by  using  no  more  excess  air 
than  is  actually  requirikl  for  combustion. 

Another  heat  loss  occurs  because  of  in- 
complete combustion  of  the  fiiel.  When  the  carbon 
in  the  fuel  is  burned  to  carbon  monoxide,  instead 
of  carbon  dioxide,  there  is  a  tremendous  heat 


loss  of  10,100  Btu  per  pound.  This  should  be 
considered  an  avoidable  loss,  since  the  admis- 
sion of  a  sufficient  amount  of  excess  air  will 
ensure  complete  combustion. 

Heat  losses  that  cannot  be  measured  or 
that  are  impracticable  to  measure  are  (1)  losses 
due  to  unbumed  hydrocarbons,  gaseous  or  solid; 
(2)  losses  due  to  radiation;  and  (3)  other  losses 
not  normally  accounted  for. 


FIREROOM  OPERATIONS 

Although  a  complete  discussion  of  f  ireroom 
operations  is  beyond  the  scope  of  this  text, 
some  understanding  of  the  major  factors  involved 
in  boiler  operation  may  be  useful. 

Basically,  the  f ireroom  force  must  control 
three  inputs-feed  water,  fuel,  and  combustion 
air— in  order  to  provide  one  output,  steam.  Under 
steady  steaming  conditions,  when  steam  demands 
are  relatively  constant  for  long  periods  of  time, 
there  is  no  great  difficulty  about  providing  a 
uniform  flow  of  steam  to  the  propulsion  turbines. 
But  one  of  the  special  req^irements  of  naval 
ships  is  that  they  must  be  able  to  maneuver  and 
to  change  speed  quickly,  and  this  requirement 
imposes  upon  the  f ireroom  force  the  responsi- 
bility for  making  very  rapid  increases  and  de- 
creases in  the  amount  of  steam  furnished  to  the 
engineroom.  Under  conditions  of  rapid  change, 
boUer  operation  is  a  teamwork  jobthat  requires 
great  skill  and  alertness  and  smooth  coordina- 
tion of  efforts  by  several  men. 

For  manual  operation  of  the  boUers,  a  normal 
fireroom  watch  consists  of  one  petty  officer  in 
charge  of  the  watch;  one  checkman  for  each 
operating  boiler;  one  burnerman  for  each  oper- 
ating boUer  front;  one  blowerman  for  each 
operating  boiler;  and  one  or  more  men  to  act 
as  messengers  and  to  check  the  operation  of 
the  auxUiary  machinery.  When  automatic  boUer 
controls  are  installed,  boUers  may  be  operated 
with  fewer  men  on  watch  when  the  controls  are 
being  used. 

When  a  boiler  is  being  operated  manually, 
the  checkman  controls  the  water  level  in  the 
boiler  by  manual  operation  of  the  feed  stop  and 
check  valves.  The  checkman  stands  at  the  upper 
level,  near  the  feed  stop  and  check  valves,  and 
near  the  boUer  gage  g^ass.  The  checkman  admits 
water  to  the  boiler  as  necessary  to  maintain  the 
water  at  or  very  near  the  designed  water  level. 
The  check  watch  requires  the  utmost  vigilance 
and  reliabUity;  if  any  one  Job  in  the  fireroom 
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can  be  said  to  be  more  important  than  any  other, 
the  checkman's  job  is  the  one. 

One  of  the  greatest  difficulties  in  maintaining 
the  ivater  level  arises  from  the  fkct  that  the 
boiler  water  swells  and  shrinks  as  the  firing 
rate  is  changed.  As  the  firing  rate  is  increased, 
there  is  an  increase  in  the  volume  of  the  boile? 
water.  This  increase,  which  is  known  as  swell, 
occurs  because  there  is  an  inciease  in  the  num- 
ber and  size  of  the  steam  bubbles  in  the  water. 
As  the  firing;  rate  is  decreased^  there  is  a  do- 
crease  in  the  volume  of  the  water.  This  de- 
crease, which  is  known  as  shriiJc,  occurs  be- 
cause there  are  fewer  steam  buDbles  and  they 
are  of  smaller  size.  Thus,  for  any  given  weight 
of  boiler  water,  the  volume  varies  with  the  rate 
of  combustion. 

The  problem  of  swell  and  shrink  becomes 
even  more  complex  when  we  remember  that  the 
evaporation  rate  also  increases  as  the  firing 
rate  increases  and  decreases  as  the  firing  rate 
decreases.  When  the  firing  rate  is  increased, 
therefore,  the  checkman  must  remember  to 
feed  more  water  to  the  boiler,  even  though  the 
water  level  has  already  risen  momentarily  be- 
cause of  swell.  On  the  other  hand,  the  checkman 
must  remember  to  feed  less  water  to  the  boiler 
when  the  firing  rate  is  decreased,  even  though 
the  water  level  has  already  drcqpped.  Because 
these  actions  may  appear  to  be  contrary  to 
common  sense  to  a  person  who  does  not  under- 
stand the  concept  of  swell  and  sturink,  a  good 
deal  of  training  is  usually  required  before  a 
man  can  be  considered  (pialified  to  stand  a 
check  watch. 

The  control  of  combustion  involves  the  con- 
trol of  Aiel  and  the  control  of  combustion  air. 
There  are  three  ways  in  which  the  firing  rate 
may  be  increased  or  decreased  in  order  to  meet 
changes  in  steam  demand:  (1)  by  increasing  or 
decreasing  the  fuel  pressure,  (2)  by  increasing 
or  decreasing  the  number  of  burners  in  use,  and 
(3)  by  changing  the  size  of  the  sprayer  plates  in 
the  atomizer  assemblies.  With  every  change, 
the  amount  of  combustion  air  sttpplied  to  the 
boiler  must  also  be  changed  in  order  to  maintain 
the  proper  relationship  between  fuel  and  com- 
bustion air.  The  burner  man  and  the  blower  man 
niust  therefore  work  very  closely  together  in 
order  to  provide  efficient  combustion  in  the 
boiler  furnace.  • 

The  burnerman  cuts  burners  in  and  out  and 
adjusts  the  oU  pressure  as  necessary  to  keep 
the  steam  pressure  at  the  required  value.  The 
burnerman  is  guided  by  the  steam  drum  pressure 


gage.  Also,  he  watches  the  annunciator  which 
shows  the  signals  going  from  the  bridge  to  the 
engineroom,  and  in  this  way  he  can  tell  what 
ftteam  demands  are  going  to  be  made. 

On  a  doub^ic^^furnace  boiler,  there  are  two 
burnermen— one  for  the  saturated  side  and  one 
for  the  buperheatev  side.  The  burnerman  on  the 
superheater  side  cuts  burners  in  and  out  and 
adjusts  fuel  pressure  to  keep  the  superheater 
outlet  temperature  at  the  required  value.  The 
burnf;r  nan  on  the  superheater  side  is  guided 
by  the  r;}stant-reading  thermometer  which  indi- 
cates the  temi^erature  of  the  steam  at  the  super- 
heater outlet.  In  addition,  he  mupt  keep  a  close 
check  on  the  actions  of  the  saturated-side 
burnerma  t  so  that  he  will  always  know  how 
many  bui'ners  are  in  use  on  the  saturated  side. 

When  two  boUers  are  fmrnishing  steam  to 
the  same  engine,  the  burnermen  of  both  boilers 
must  work  together  to  see  that  the  lo:id  is 
equally  divided  between  the  two  boilers. 

The  blowerman  is  responsible  for  operating 
the  forced  draft  blowers  that  supply  combustion 
air  to  the  boiler.  Although  the  air  pressure  in 
the  double  casings  is  affected  by  the  number  of 
registers  in  use  and  by  the  extent  to  which  each 
register  is  open,  it  is  chiefly  determined  by  the 
manner  in  which  the  forced  draft  blowers  are 
operated.  The  opening,  setting,  or  adjusting  of 
the  air  registers  is  the  burnerman's  job;  the 
contrcA  of  the  forced  draft  blowers  is  the  blower- 
man's  job.  As  may  be  apparent,  the  burnermaii 
and  the  blowerman  mutit  each  know  what  the 
other  man  is  doing  at  all  tirq.es.  The  blowerman 
must  always  Increase  the  air  pressure  before 
the  burnerman  increases  the  rate  of  combus- 
tion, and  the  burnerman  must  always  decrease 
the  rate  of  combusticxi  before  the  blowerman 
decreases  the  air  pressure. 

U  a  boiler  is  not  being  supplied  with  suffi- 
cient air  for  combusticm,  everyone  in  the  fire- 
room  wlU  know  about  it  Immediately.  The  boiler 
will  begin  to  pant  and  vibrate,  and  the  flreroom 
force  will  receive  complaints  of  ''heavy  black 
smoke''  from  the  bridge.  If  the  boiler  is  being 
supplied  with  too  much  air— that  is,  more  excess 
air  than  is  required  for  efficient  combustion*- 
the  f ireroom  force  may  or  may  not  know  about 
it  immediately.  White  smoke  coming  from  the 
smokepipe  is  always  an  indication  of  large 
amounts  of  excess  air.  However,  a  perfectly 
dear  smokepipe  may  be  deceiving;  it  may  mean 
that  the  boiler  Is  operating  with  only  a  small 
amount  of  excess,  air,  but  it  may  also  mean  that 
as  much  as  300*  percent  excess  air  Is  causing 
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enormous  heat  losses.  The  blowerman  must 
learn  by  esqperience  how  much  air  pressure 
should  be  shown  on  the  air  pressure  gage  for 
all  the  various  combinations  of  different  nimi- 
bers  of  biumers,  different  sizes  of  sprayer 
plates,  and  different  fUel  pressures. 

The  number  of  men  assigned  to  qperate  the 
f ireroom  auxiliary  machinery  varies  from  one 
ship  to  another,  depending  upon  the  size  of  the 
ship  and  the  number  of  men  available.  Some 
ships  may  have  two  or  more  men  assigned  to 
this  duty;  on  other  ships,  the  work  may  be  done 
by  the  petty  officer  in  charge  of  the  watch  or 
by  the  messenger.  The  burnerman  and  the 
blowerman  may  also  take  care  of  some  of  the 
auxiliaries.  The  checkman  must  never  be  given 
any  duties  other  than  his  primary  (xies  of  watch- 
ing and  maintaining  the  water  level. 

All  fireroom  operations  are  supervised  and 
coordinated  by  the  petty  officer  in  charge  of  the 
watch.  The  petty  officer  in  charge  of  the  watch 
supervises  all  lighting  oft,  operating,  and  se- 
curing procedures.  He  keeps  the  engineroom 
and  the  engineering  officer  of  the  watch  in- 
formed of  operating  conditions  when  necessary. 
He  must  be  constantly  alert  to  the  slightest 
indication  of  trouble  and  must  be  constantly 
prepared  to  deal  with  any  casualty  that  may 
occur.  The  petty  officer  in  charge  of  the  watch 
is  responsible  for  making  sure  that  all  safety 
precautions  are  being  observed  andtliat  unsafe 
operating  conditions  are  not  allowed  to  exist. 


FIREROOM  EFnCIENCY 

The  military  value  of  a  naval  vessel  depends 
in  large  measure  upon  her  cruising  radius, 
which,  in  turn,  depends  tipon  the  efficiency  with 
which  the  engineering  plant  is  operated.  Perhaps 
the  largest  single  factor  in  determining  the 
efficiency  of  the  engineering  plant  is  the  effi- 
ciency with  which  the  boUers  are  operated. 
Greater  savings  infUel,  with  consequent  incriease 
in  steaming  radius  of  the  ship,  may  often  be 
made  in  tlie  fireroom  than  in  all  the  rest  of  the 
engineering  plant  put  together. 

The  capacity  of  a  boiler  is  defined  as  the 
maximum  rate  at  which  tl^e  boiler  can  generate 
steam.  The  rate  of  steam  generation  is  usually 
esq[>ressed  in  terms  of  pounds  of  water  evapo- 
rated per  hour.  You  should  know  something  of 
the  limitations  upon  boiler  capacity,  the  sig- 
nificance of  full-power  and  overload  ratings, 
and  the  procedure  for  checking  on  boiler  loads. 


The  capacity  of  any  boiler  is  limited  by 
three  factors  that  have  to  do  both  with  the  design 
of  the  boiler  and  with  its  operation.  These  lim- 
itations, which  are  known  as  end  pointg,  are 
(1)  the  end  point  for  combustion,  (2)  the  end 
point  for  moisture  carryover,  and  (3)  the  end 
point  for  water  circulation. 

Boilers  are  so  designed  that  the  end  point 
for  combustion  should  occur  at  a  lower  rate  of 
steam  generation  than  the  end  point  for  mois- 
ture carryover,  and  the  end  point  for  moisture 
carryover  at  a  lower  rate  than  the  end  point  for 
water  circulation.  Since  the  end  point  for  com- 
bustion occurs  firs^:,  it  is  the  only  endpoint  that 
is  lUcely  to  be  reached  in  a  properly  designed 
and  properly  operated  boiler.  However,  it  should 
be  understood  that  it  is  quite  possible  to  reach 
the  end  points  for  moisture  carryover  and  water 
circulation  before  reaching  the  end  point  for 
combustion,  using  larger  sprayer  plates  than 
those  recommended  by  the  manufacturer  or  by 
the  Bureau  of  Ships.  In  such  a  case,  the  boiler 
might  suffer  great  damage  before  the  end  point 
for  combustion  was  reached. 

End  Point  for  Combustion 

The  process  of  burning  fuel  in  a  boiler 
furnace  involves  forcing  the  ftiel  into  the  furnace 
at  the  proper  viscosity  through  atomizers  which 
break  up  the  oU  into  a  foglike  spray,  and  forcing 
air  into  the  fUmace  in  such  a  way  that  it  mixes 
thoroughly  with  the  oil  spray.  The  amount  of  fUel 
that  can  be  burned  is  limited  primarily  by  the 
actual  capacity  of  the  equipment  that  siq;>plies 
the  fuel  (including  the  cecity  of  the  sprayer 
plates),  by  the  amount  of  air  that  can  be  forced 
into  the  furnace,  and  by  the  ability  of  the  burner 
apparatus  to  mix  this  air  with  the  fuel.  The 
volume  and  shape  of  the  fUrnace  are  also  limit- 
ing factors. 

The  end  point  for  combustion  for  a  boiler  is 
reached  when  the  capacity  of  the  sprayer  plates, 
at.,the  designed  pressure  for  the  system,  is 
reached  or  when  the  maximiun  amount  of  air 
that  can  be  forced  into  the  fUrnace  is  insufficient 
for  conqplete  combusti(xi  of  the  fuel.  U  the  end 
point  for  combustion  is  actually  reached  because 
of  insufficient  air,  the  smoke  in  the  uptakes  will 
be  black  because  it  will  contain  particles  of 
unbumedftiel.  However,  this  condition  should  be 
rare,  since  the  end  point  for  combustion  is 
artificially  limited  by  sprayer  plate  capacity 
when  the  fUel  is  supplied  at  the  burner  manifcAd 
at  designed  operating  pressure.  As  noted  before. 
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this  artificial  limitation  upon  combustion  in  the 
boiler  furnace  is  the  factor  that  would  cause  the 
end  point  for  combustion  to  occur  before  either 
of  the  other  two  end  points. 

End  Point  for  Moisture 
Carryover 

The  rate  of  steam  generation  should  never 
be  increased  to  the  point  at  which  an  excessive 
amount  of  moisture  is  carried  over  in  the  steam. 
In  general,  naval  specifications  limit  the  allow- 
able moisture  content  of  steam  leaving  the 
saturated  steam  outlet  to  1/4  of  1  percent. 

As  you  know,  excessive  carryover  can  be 
extremely  damaging  to  piping,  valves,  and  tur- 
bines, as  well  as  to  the  superheater  of  the 
boiler.  It  is  not  only  the  moisture  itself  that 
is  damaging  but  also  the  insoluble  matter  that 
may  be  carried  in  the  moisture.  This  insoluble 
matter  can  form  scale  on  superheater  ttibes, 
turbine  blades,  piping  and  fittings;  in  some 
cases,  it  may  be  sufficient  to  cause  unbalance 
of  rotating  parts. 

As  the  evaporation  rate  is  increased,  the 
amount  of  moisture  carryover  tends  to  increase 
also,  due  to  the  increased  release  of  steam 
bubbles.  Because  modem  naval  boilers  are 
designed  for  high  evaporation  rates,  steam 
separators  and  various  baffle  arrangements 
are  used  in  the  steam  drum  to  separate  mois- 
ture from  the  steam. 

End  Pohit  for  Water 
Circulation 

Jn  natural  circulation  boilers,  circulation  is 
dependent  uponthe  difference  between  the  density 
of  the  ascending  mixture  of  hot  water  and  steam 
and  the  density  of  the  descending  body  of  rela- 
tively cool  water.  As  the  firing  rate  is  Ihcreased, 
the  amount  of  heat  transferred  to  the  tubes  Is 
also  Increased.  A  greater  number  of  tubes  carry 
the  upward  flow  of  water  and  steam,  and  fewer 
tubes  are  left  for  the  downward  flow  of  water. 
Without  downcomers  to  ensure  a  downward  flow 
of  water,  a  point  would  eventually  be  reached 
at  which  the  downwaird  flow  would  be  Insufficient 
to  balance  the  upward  flow  of  water  and  steam, 
and  some  tubes  would  becomei  overheated  and 
burn  out.  This  condition  would  determine  the  end 
point  for  water  circulation.  o 

The  use  of  downcomers  ensures  that  the 
end  point  for  water  circulation  will  not  be  reached 
merely  because  the  firing  rate  Is  hicreased. 


Other  factors  that  Influence  the  circulation  In  a 
natural  circulation  boiler  are  the  location  of 
the  burners,  the  arrangement  of  baffles  In  the 
tube  banks,  and  the  arrangement  of  tubes  In  the 
tube  banks. 

Full-power  and  overload  ratings  for  the 
boilers  In  each  ship  are  specified  In  the  manu- 
facturer's technical  manual.  The  total  quantity 
of  steam  required  to  develop  contract  shaft 
horsepower  of  the  ship,  divided  by  the  number 
of  boUers  Installed,  gives  boUer  full-power 
capacity.  Boiler  overload  capacity  Is  usually 
120  percent  of  boiler  fiill-power  capacity.  For 
some  boilers,  a  specific  assigned  maximum  fir- 
ing rate  Is  designated. 

A  boiler  should  not  be  forced  beyond  fUll- 
power  capaclty-that  Is,  It  should  not  be  steamed 
at  a  rate  greater  than  that  required  to  obtain 
full-power  speed  with  all  the  ship's  boilers  In 
use.  A  boiler  should  never  be  steamed  beyond 
Its  overload  capacity,  or  fired  beyond  the  as- 
signed maxlmiun  firing  rate,  except  In  dire 
emergency. 

Checking  Boiler  Efficiency 

In  order  to  check  on  boiler  efficiency  It  Is 
necessary  to  compare  the  amount  of  fuel  actu- 
ally burned  In  a  boiler  with  the  amount  that 
should  be  burned.  This  check  Is  usually  made 
during  economy  runs  and  during  full-power 
runs.  As  a  rule,  4  hours  are  allowed  for  each 
*  run.  During  the  run^  fUel  consumption  Is  meas- 
ured at  Intervals  of  precisely  1  hour.  This 
measure,  when  corrected  for  meter  error  and 
verified  by  tank  soundings,  gives  the  amount  of 
fuel  that  Is  actually  used.  ^ 

The  amount  of  fuel  that  should  be  used  under 
specified  conditions  may  be  taken  from  tables 
or  curves  supplied  in  the  manufacturer's  tech- 
nical manual  for  the  boilers  or  from  the  ship's 
fuel  performance  tables.  Since  these  two  sources 
five  different  figures  for  the  amount  of  oil  that 
should  be  burned  under  various  conditions.  It  Is 
necessary  to  make  a  dear  distinction  between 
them.  The  differences.  Incidentally,  arise  from 
the  fact  that  there  are  two  basic  approaches  to 
the  problem  of  checking  on  fuel  consumption. 
When  you ^are  concerned  only  with  boiler  per- 
.  formance,  you  use  the  tables  and  charts  from  the 
manufacturer's  technical  manual;  when  you  are 
concerned  with  plant  performance  with  respect 
to  fuel  consumption,  yoa  use  the  ship's  fUel 
performance  tables. 
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BOILER  CASUALTY  CONTROL 

There  are  many  fireroom  casualties  which 
require  a  knowledge  of  preventive  measures 
and  corrective  measures.  Some  are  major,  some 
are  minor;  but  all  can  be  serious.  In  the  event 
of  a  casualty,  the  principal  doctrine  to  be  im- 
pressed upon  operating  personnel  is  the  preven- 
tion of  additional  or  major  casualties.  Under 
normal  operating  conditions,  the  safety  of  per- 
sonnel and  machinery  should  be  given  first 
consideration.  Therefore,  it  is  necessary  to 
know  instantly  and  accurately  what  to  do  for 
each  casualty.  Stopping  to  find  out  exactly  what 
must  be  done  for  each  casualty  could  mean  loss 
of  life,  extensive  damage  to  machinery,  and  even 
conqplete  failure  of  the  engineering  plant.  A 
fundamental  principle  of  engineering  casualty 
control  is  split-plant  operation.  The  purpose  of 
split-plant  design  is  to  minimize  the  damage 
that  mig^t  result  from  any  one  casualty  which 
affects  prcqpulsion  power,  steering,  and  elec- 
trical power  generation. 

Althoui^  speed  in  controlling  a  casualty  is 
essential,  action  should  never  be  taken  wittiout 
accurate  information;  otherwise  the  casualty 
may  be  mishandled,  and  fturther  damage  to  the 
machinery  may  result;  Cross-connecting  and 
intact  engineering  plant  with  a  partly  damaged 
one  must  be  delayed,  until  it  is  certain  that  such 
action  will  not  jeopardize  the  intact  one. 

Cross-connecting  valves  are  provided  for 
the  main  and  auxiliary  steam  systems  and  other 
engineering  systems  so  that  any  boiler  or  group 
of  boilers,  either  forward  or  aft,  may  supply 
steam  to  each  engineroom.  These  systems  are 
discussed  in  chapter  9  of  this  manual  showing 
the  construction  of  the  split-plant  design  on 
some  types  of  ships. 

The  discussion  of  fireroom  casualties  inthis 
chapter  is  intended  to  give  you  an  overall  view 
of  how  casualties  should  be  handled.  For  further 
Information  on  casualty  control,  study  the  Naval 
Ships  Technical  Manual,  Chapter  9880,  and  the 
casualty  control  instructions  issued  for  each 
t^e  of  ship. 

Most  of  the  casualties  discussed  in  this 
chapter  are  usually  treated  in  a  step-by-step 
procedure,  but  it  is  beyond  the  scope  of  this 
chapter  to  give  each  step  in  handling  each 
casualty.  In  the  step-by-step  procedure  one 
step  is  performed,  then  another,  then  another, 
and  so  forth.'  In  handling  actual  casualties, 
however,  this  step«-by-step  approachwill  proba- 
bly have  to  be  modified.  Different  circumstances 


may  require  a  different  sequence  of  stej^s  for 
control  of  a  casualty.  Also,  in  handling  real 
casualties  several  steps  will  have  to  be  per- 
formed at  the  same  time.  For  example,  main 
control  must  be  notified  of  any  casualty  to  the 
boilers  or  to  associated  equipment.  If  "Notify 
main  control"  is  listed  as  the  third  step  in 
controlling  a  particular  casualty,  does  this  mean 
that  the  main  control  is  not  notified  until  the 
first  two  steps  have  been  completed?  Not  at 
all.  Notifying  main  control  is  a  step  that  can 
usually  be  taken  at  the  same  time  other  steps 
are  being  taken.  It  is  probably  helpftil  to  learn 
the  steps  for  controlling  casualties  in  the  order 
in  which  they  are  given;  but  do  not  overlook 
the  fkct  that,  the  steps  may  have  to  be  performed 
simultaneously. 

FEED  WATER  CASUALTIES 

Casualties  in  the  control  of  water  level  in- 
clude low  water,  high  water,  feed  pump  casual- 
ties, loss  of  feed  suction,  and  low  feed  pressure. 
These  casualties  are  some  of  the  most  serious 
ones. 

Low  water  is  one  of  the  most  serious  of 
all  fireroom  casualties.  Low  water  may  be 
caused  by  failure  of  the  feed  pumps,  ruptures 
in  the  feed  discharge  line,  defective  check 
valves,  low  water  in  the  feed  tank,  or  other 
defects. 

However,  the  most  frequent  cause  of  low 
water  is  inattention  on  the  part  of  the  checkman 
and  the  PO  in  charge  of  the  watch,  or  the  di- 
version of  their  attention  to  other  duties.  The 
checkman's  sole  responsibility  is  to  keep  the 
water  in  the  boiler  at  a  proper  level. 

Low  water  is  extremely  damaging  to  the 
boiler  and  may  endanger  the  lives  of  fireroom 
personnel.  Wien  the  furnace  is  hot  and  there 
is  insufficient  water  to  absorb  the  heat,  the  heat- 
ing surfaces  are  likely  to  be  distorted,  the 
brickwork  damaged,  and  the  boiler  casing  warped 
by  the  excessive  heat.  In  addition,  serious  steam 
and  water  leaks  may  occur  as  a  result  of  low 
water. 

Disappearance  of  the  water  level  from  the. 
water  gage  glasses  must  be  treated  as  a  casualty 
requiring  the  immediate  securing  of  the  boiler  1 

R  should  be  noted  that  when  the  water  level 
falls  low  enough  to  uncover  portions  of  the 
tubes,  the  heat  transfer  surface  is  reduced.  As 
a  rule,  therefore,  the  steam  pressure  will  drop. 
Ordinarily  a  drop  in  steam  pressure  Is  the 
result  of  an  increased  demand  for  steam,  and 


271 


PRINCIPLES  OF  NAVAL  ENGINEERING 


the  natural  tendency  Is  to  cut  In  more  burners 
to  ftilfill  the  demand.  If  the  drop  In  steam  pres- 
sure is  caused  by  low  crater,  however.  Increas- 
ing the  firing  rate  will  result  In  serious  damage 
to  the  boiler  and  possibly  in  Injury  to  fireroom 
personnel.  The  possibility  that  a  drop  In  steaun 
pressure  Indicates  low  water  must  always  be 
kept  in  mind!  Always  check  the  level  to  the 
water  gage  glasses  before  cutttog  m  aadittonai 
burners,  when  steam  pressure  has  dropped  for 
no  TO>arsnt  reason. 

High  water  is  another  serious  casualty  that 
is  most  frequently  caused  by  the  Inattention  of 
the  checkman  and  the  PO  in  charge  of  the  watch. 
Jt  the  water  level  In  the  gage  glass  goes  above 
the  highest  visible  part,  the  boUer  must  be 
secured  immediately. 

By  careful  observation,  it  is  sometimes  pos- 
sible to  distinguish  between  an  empty  gage  ^ass 
and  a  full  one  by  the  presence  or  absence  of 
condensate  trickling  down  the  inside  of  the 
glass.  The  presence  of  condensate  indicates, 
of  course,  an  empty  g^s— that  is,  a  low  water 
casualty.  However,  the  boiler  must  be  secured 
whether  the  water  is  hig^  or  low.  After  the 
boiler  has  been  secured,  the  location  of  the 
water  level  can;  be  determined  by  using  the 
gage  glass  cutout  valves  and  drain  valves. 

Failure  of  a  feed  system  pump  can  have 
drastic  consequences.  Unless  the  pump  casualty 
is  corrected  immediately,  the  pump  failure 
will  lead  to  low  water  In  the  boiler.  In  addition 
to  the  obvious  dangers  associated  with  low 
water,  there  are  some  which  are  equally  serious 
but  not  80  obvious.  For  example,  low  water 
causes  complete  or  partial  loss  of  steam  pres- 
sure; When  steam  pressure  is  lost  or  greatly 
reduced,  you  will  lose  the  services  of  vital 
auxiliary  machinery— pumps,  blowers,  and  so 
forth.  It  is  essential,  therefore,  that  feed  pump 
casualties  be  handled  ^rapidly  and  correctly. 

U  the  main  feed  pump  discharge  pressure 
is  too  low,  the  first  three  things  to  be  checked 
are  (1)  the  feed  booster  pump  discharge  pres-t 
sure,  (2)  the  level  and  pressure  in  the  deaerat- 
Ing  feed  tank,  and  (3)  the  feed  atop  and  check 
valves  on  idle  boilers.  A  failure  of  the  feed 
booster  pump  will,  of  course,  cause  loss  of 
suction  and,  therefore,  loss  of  discharge  pres- 
sure of  the  main  feed  pump.  It  the  feed  stop 
and  check  valves  on  idle  boilers  have  acciden- 
tally been  left  open,  the  main  feed  pump  dis^ 
charge  pressure  may  be  low  merely  because 
water  has  been  pumped  to  an  idle  boiler,  as 
well  as  to  the  steaming  boiler. 


Some  of  the  most  likely  causes  of  failure  of 
the  main  feed  pump  are  (1)  malfunction  of  the 
constant-pressure  punip  governor,  (2)  and  air- 
bound  or  vapor-bound  condition  of  the  main 
feed  pump,  (3)  faulty  pump  clearances,  and  (4) 
malfunction  or  improper  setting  of  the  speed- 
limiting  governor. 

Li  many  installations,  the  feed  booster  pump 
and  the  main  feed  pump  are  In  the  engineroom.  | 
In  other  installations,  the  feed  booster  pMmp  Is  ! 
In  the  engineroom  but  the  main  feed  pump  Is  In  ] 
the  fireroom.  In  this  latter  type  of  Installation,  \ 
failure  of  the  feed  booster  pump  will  be  indi-  | 
cated  to  the  fireroom  force  by  loss  of  main  \ 
feed  pump  discharge  pressure  and  by  the  sound-  j 
Ing  of  the  low  pressure  feed  alarm  that  Is  i 
usually  fitted  where  this  type  of  machinery  j 
arrangement  exists.  The  casualty  to  the  feed  ] 
booster  pump  will  be  dealt  with  hy  enghieroom  ] 
personnel,  if  the  pump  is  in  the  engineroom;  | 
but  fireroom  personnel  must  take  immediate  ^ 
action  to  maintain  a  supply  ot  feed  water  to  the  • 
boller« 

If  the  engineroom  is  unable  to  remedy  the 
situation  immediately,  start  the  emergency 
feed  pump  on  cold  suction.  The  emergency 
feed  pump  can  take  a  hot  suction  from  the  feed  : 
booster  pump,  or  a  cold  suction  from  the  re-  ] 
serve  feed  tanks.  In  standby  condition,  this  | 
pump  should  always  be  lined  up  on  cold  suction.  ^ 

If  the  main  feed  pump  fails  and  there  is  no  \ 
standby  pump  avaUaUe,  start  the  emergency  | 
feed  pump  on  hot  suction  and  continue  to  feed  I 
the  boUer.  If  the  feed  also  foUs  then  it  will  be  j 
necessary  to  start  the  emergency  feed  pump  on  \ 
cold  suction.       ^  \ 

Tt  the  emergency  feed  pump  faUs,  the  pro-  | 
cedures  for  handling  the  casualty  will  vary  | 
according  to  the  situation  existing  at  the  time 
of  the  failure. 

Li  maiqr  ships,  the  emergency  feedpump  is 
normally  used  for  in-port  operation,  with  the 
main  feed  pump  in  standby  condition  and  the  ' 
feed  booster  pump  providing  a  hot  suction  for 
the  emergency  feed  pump.  Under  theeie  condi- 
tions, emergency  feed  pump  failure  can  be 
handled  by  noticing  the  engineroom  so  that  the 
main  feed  pump  can  be  put  on  the  line  and  used 
to  feed  the  boiler. 

A  more  difficult  problem  will  arise  if  the 
emergency  feed  pump  falls  when  It  is  being  used 
because  of  a  previous  casualty  to  the  feed 
booster  pump  or  to  the  main  feed  pump.  Under 
these  conditions,  it  may  be  possible  to  deal  with 
the  situation  by  cross- connecting  and  using  a 
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pump  in  some  other  space  to  supply  feed  to  the 
boiler.  Jt  the  operating  conditions  do  not  allow 
this  solution  of  the  problem,  it  will  be  neces- 
sary to  secure  the  boiler  immediately  in  order 
to  prevent  a  low  water  casualty. 

FUEL  SYSTEM  CASUALTIES 

Casualties  to  any  part  of  the  fuel  oil  system 
are  serious  and  must  be  remedied  at  once. 
Common  casualties  include  (1)  oil  in  the  ftiel 
oU  heater  drains,  (2)  water  in  the  ftiel  oil,  (3) 
loss  of  fuel  oil  sucticm,  (4)  failure  of  the  ftiel 
oil  service  pump,  and  (5)  fuel  oil  leaks.  It 
should  be  noted  that  these  casualties  to  the  fuel 
oil  system  are  for  ships  burning  NSFO,  The 
procedures  for  ships  burning  other  types  of  fuel 
will  differ  to  some  extent,  but  not  in  all  cases. 

Oil  leakage  from  the  fuel  oil  heaters  into 
the  drains  may  cause  oil  contamination  of  the 
drain  lines,  the  reserve  feed  tanks,  the  deaerat- 
Ing  feed  tank,  and  the  feed  system  piping  and 
pumps.  The  presence  of  oil  in  any  part  of  the 
feed  system  is  dangerous  because  of  the  possi- 
bility that  the  oil  will  eventually  reach  the 
boilers,  where  it  will  cause  steaming  difficulties 
and  serious  damage  to  the  boilers. 

Fuel  oil  heater  drains  must  be  inspected 
hourly  for  the  presence  of  oil. 

The  presence  of  an  appreciable  amount  of 
water  in  the  fuel  oil  is  indicated  by  hissing  and 
sputtering  of  the  fires  and  atomizers  and  by 
racing  of  the  fuel  oil  service  pump.  The  situa- 
tion must  be  remedied  at  once;  otherwise,  choked 
atomizers,  loss  of  fires,  flarebacks,  and  re- 
fractory damage  may  result. 

A  loss  of  fuel  oil  suction  usually  indicates 
that  the  oil  in  the  service  suction  tank  has 
dropped  below  the  level  of  the  fuel  oil  service 
pump  suction  line.  This  causes  a  mixture  of 
air  and  oil  to  be  pumped  to  the  atomizers.  The 
atomizers  begin  to  hiss  and  the  fuel  oil  service 
pump  begins  to  race.  R  must  be  stron^y  em- 
phasized tliat  the  loss  of  fuel  oil  suction  can 
cause  serious  results.  Related  casualties  may 
include  loss  of  auxiliary  steam  and  electric 
power,  with  the  conqplete  loss  of  alleleictrically 
driven  and  steam-driven  machinery. 

Failure  of  the  fuel  oil  service  pump  can 
cause  the  same  progressive  series  of  casual- 
ties as  those  which  result  from  loss  of  fuel  oil 
suction. 

Fuel  oil  leaks  are  very  serious,  no  matter 
how  small  they  may  be.  Fuel  oil  vapors  are 


very  explosive.  Any  oil  spillage  or  leakage  must 
be  wiped  up  immediately. 

FLAREBACKS 

A  flareback  is  likely  to  occur  whenever  the 
pressure  in  the  furnace  momentarily  exceeds 
the  pressure  in  the  boiler  air  casing.  Flare- 
backs  are  caused  by  an  inadequate  air  supifly 
for  the  amount  of  oil  being  supplied,  or  by  a 
delay  in  lighting  the  mixture  of  air  and  oil. 

Situations  which  commonly  lead  to  flare- 
backs  include:  (1)  attempting  to  light  off  or  to 
relight  burners  from  hot  brickworlq  (2)  gunfire 
or  bombing  which  creates  a  partial  vacuum  at 
the  blower  intake,  thus  reducing  the  air  pres- 
sure supplied  by  the  blowers;  (3)  forced  draft 
blower  failure;  (4)  accumulation  of  unburned 
fuel  oil  or  combustible  gases  in  furnaces,  tube 
banks,  uptakes,  or  air  casings;  and  (5)  any 
event  which  first  extinguishes  the  burners  and 
then  allows  unburned  fUel  oil  to  spray  out  into 
the  hot  furnace.  An  example  of  this  last  situa- 
tion might  be  a  temporary  interruption  of  the 
fUel  supply  which  would  cause  the  burners  to 
go  out;  when  the  fuel  oil  supply  returns  to 
normal,  the  heat  of  the  fUrnace  might  not  be 
sufficient  to  relight  the  burners  immediately. 
In  a  few  seconds,  however,  the  fUel  oil  sprayed 
into  the  furnace  would  be  vaporized,  and  a 
flareback  or  even  an  esqplosion  might  result. 

SUPERHEATER  CASUALTIES 

the  distant-reading  superheater  thermom- 
eter does  not  register  a  normal  increase  in 
temperature  when  the  superheater  is  first 
lighted  off,  the  trouble  may  be  either  lack  of 
steam  flow  or  failure  of  the  distant-reading 
thermometer.  Lack  of  steam  flow  must  be  con- 
sidered as-a:  possible  cause  even  if  the  super- 
heater steam  flow  indicator  (if  Installed)  shows 
that  there  is  a  flow.  If  the  thermometer  does 
not  register  a  normal  increase  in  temperature, 
secure  all  superheater  burners. 

When  operating  with  superheat,  it  is  essen- 
tial to  keep  a  constant  check  on  the  flow  of  steam 
through  the  superheater  and  on  the  superheater 
outlet  temperature.  Any  deviation  from  normal 
conditions  must.be  corrected  without  delay. 

R  is  inqportant  to  remember  that  a  casualty 
to  some  other  part  of  the  engineering  plant 
may  reduce  or  entirely  Btap  the  flow  of  steam 
through  the  superheater,  and  so  cause  a  super- 
heater casualty,  unless  sqn>rQPi^iAte  action  is 
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taken  to  prevent  damage.  For  example,  a 
casualty  to  the  main  engines  miglit  call  for  a 
sudden  large  reduction  or  even  a  complete 
stcqppage  of  steam  flow.  Even  if  thesiipeiiieater 
burners  are  secured,  there  will  still  be  a  need 
for  steam  flow  to  protect  the  superheater  from 
the  heater  of  the  furnace.  In  this  event,  or  when- 
ever a  greater  flow  is  required  than  can  be 
bbtained  by  ordinary  means,  lift  the  siperheater 
safety  valves  by  hand  to  ensure  a  positive  flow 
of  rteam  through  the  superheaterT^  J" 

When  the  siqE>erheater  thermal  alarm  sounds, 
the  stqE>erheater  fires  must  be  immediately  de- 
creased to  bring  the  temperature  below  alarm 
temperature.  Do  not  decrease  the  temperature 
fiurther  than  necessary,  ft  is  very  seldom 
necessary  to  secure  all  siqperheater  burners 
in  order  to  bring  the  temperature  down  to  the 
prescribed  point. 

CASUALTIES  TO  REFRACTORIES 

It  brick  or  plastic  falls  out  of  the  f^nace 
walls  and  goes  unnoticed,  burned  casings  may  - 
result.  Jt  brick  or  plastic  falls  out  of  a  furnace 
wall,  if  practicable,  secure  all  the  burners. 

it  is  not  practicable  to  secure  all  the  burners, 
secure  those  .burners  which  are  adjacent  to  the 
damaged  secticm.  NOTE:  It  may  be  necessary 
to  continue  operating  the  boiler  until  another 
boiler  can  be  brought  in  on  the  line. 

CASUALTIES  TO  BOILER 
PRESSURE  PARTS 

When  boiler  pressure  parts,  such  as  tubes, 
carry  away  or  rtrpture,  escaping  steam  may 
cause  serious  injmry  to  personnel  and  damage 
to  the  boiler,  tt  is  urgent  that  the  boiler  be  se- 
cured, relieved  of  its  pressure,  and  cocfleduntil 
no  more  steam  is  generated..  It  a  boiler  pres- 
sure part  carries  away  or  ruptures,  take  steps 
immediately  upon  discovery  of  the  casualty,  to 
minimize  and  localize  the  damage  as  much  as 
circumstances  will  allow. 

Gage  trasses  are  cotytiected  to  the  water  and 
steam  spaces  of  the  steam  drum.  U  a  water 
gage  glass  carries  away,  the  mixture  of  steam 
and  water  escaping  from  the  gage  connections 
may  seriously  burn  personnel  in  the  area.  A 
ball  check  valve  in  the  higt  pressure  gage  line  ' 
functions  when  the  flow  is  excessive.  In  addi- 
tion, the  hazard  of  flying  particles  at  ^ass 


makes  this  casualty  very  serious.  The  particles 
of  glass  could  lodge  hi  your  eyes  and  blind  you, 
or  they  could  lodge  elsewhere  hi  your  body  and 
cause  serious  injury.  Jt  a  gage  glass  casualty 
occurs,  throw  a  large  sheet  of  asbestos  cloth, 
rubber  matting,  or  similar  material  over  the 
glass.  Then  take  immediate  action  to  secure 
the  gage  glass. 

PRECAUTIONS  TO  PREVENT  FIRES 

/ 

.  J 

The  following  precautions  must  be  taken  to 
prevent  fires: 

1.  Do  not  allow  oil  to  accumulate  hi  any 
place.  Particular  care  must  be  taken  to  guard 
against  oil  accumulation  in  drip  pans  under 
pumps,  in  bilges,  in  the  ftirnaces,  on  the  floor 
^ates,  and  in  the  bottom  of  air-encased  boilers. 
Should  leakage  from  the  oil  system  to  the  fire- 
room  occur  at  anytime,  immediate  action  should 
be  taken  to  shut  oft  the  oil  supply  by  means  of 
q^ick-cl08ing  valves  and  to  stop  the  oil  pump. 

2.  Abs(;^utely  tig^t  joints  Ui  all  oil  lines 
are  essential  to  safety,  bnmediate  steps  must 
be  taken  to  stop  leaks  whenever  they  are  dis- 
covered. Flange  safety  shields  should  be  in- 
stalled on  all  flanges  in  fuel  oil  service  lines 
to  prevent  spraying  oil  on  adjacent  hot  surfaces. 

3.  No  lights  should  be  permitted  Ui  the  fire- 
room  except  electric  lights  (fitted  with  steam- 
tig^t  8^6bes,  or  lenses,  and  wire  guards),  and 
permanently  fitted  smoke  Uidicator  and  water 
gage  lights.  Jt  work  is  being  done  in  the  vicinity 
of  flammable  vapors,  or  if  rust-preventive  com- 
pound or  metal- conditioning  compound  is  being 
used,  all  portable  lights  should  be  of  the  ex- 
idosion  proof  type. 

BOILER  IIAINTENANCE 

"^The  enghieer  officer  must  keep  himself  fUlly 
acqiiahited  with  the  general  condition  of  each 
boiler  and  the  imanner  in  which  each  is  being 
operated  and  maintaUied.  He  must  satisfy  him- 
self, Iqr  periodic  hispections,  that  the  exterior 
and  interior  surfaces  of  the  boiler  are  dean; 
that  4te  refractory  Ihiings  adeqjuately  protect 
the  caskng,  drums,  and  headers;  that  the  Uiteg- 
rity  of  the  pressure  parts  are  being  maUitained; 
and  that  the  operating  condition  of  the  burners, 
safety  valves,  operatbig  instruments,  and  other 
boiler  iqnpurtenances  are  satisfactory. 


in 


Chapter  10-- PROPULSION  BOILERS 


The  engineer  officer  must  assure  ,  himself 
that  the  idle  boilers  are  properly  secured  at  all 
times,  and  while  steaming,  the  fUel  oil  used  is 
firee  of  sea  water,  and  the  feed  water  is  within 
prescribed  limits,  free  of  isalts,  entrained  oxy- 
gen, and  oil. 

All  parts  of  the  boiler  must  be  carefully 
examined  whenever  they  are  e^QKwed  for  clean- 
ing and  overhauling,  and  the  conditions  observed 
must  be  described  in  the  boiler  record  sheet 
and  the  engineering  log.  All  unusual  cases  of 
damage  or  deterioration  discovered  at  aiqr  time 
should  be  reported  to  the  type  commander, 
stating  in  detail  the  extent  of  injury  sustained, 


remedies  applied,  and  the  causes,  if  deter- 
mined«  It  considered  of  sufficient  importance, 
or  technical  assistance  is  desired  from  the  Naval 
Ship  Systems  Command,  a  copy  of  the  corre- 
spondence should  be  forwarded  to  the  Naval 
Ship  Systems  Command. 

The  requirements  for  f ireroom  maintenance 
and  repair  are  established  by  the  Planned 
Maintenance  Subsystem;  Information  on  this 
system  is  contained  in  the  Bfaintenance  and 
Material  Management  (3-M)  Manual,  OPNAV 
4SP2  Revised  edition.  All  flreroom  maintenance 
shall  be  conducted  in  accordance  with  this 
system. 
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The  fittings,  instruments,  and  controls  used 
on  naval  boilers  are  sufficiently  numerous  and 
inqportant  to  warrant  separate  discussion.  The 
term  boiler  fittings  is  used  to  describe  a  num« 
ber  of  attachments  which  are  installed  in  or 
closely  connected  to  the  boUer  and  which  are 
required  for  the  operation  of  the  boUer.  Boiler 
fittings  are  generally  divided  into  two  classes. 
Internal  fittings  (also  called  internals)  are  those 
installed  iniide  the  steam  and  water  spaces  of 
the  boiler;  external  fittings  are  those  installed 
outside  the  steam  and  water  spaces.  Boiler 
instruments  such  as  pressure  gages  and  tem-* 
perature  gages  are  usually  regarded  as  external 
boiler  fittings.  Boiler  controls  are  special  sys« 
tems  which  automatically  control  the  fuel  oU, 
combustion  air,  and  feed  water  inputs  in  order 
to  regulate  the  steam  output  of  the  boiler. 

INTERNAL  FFTTINOS 

The  internal  fittings  installed  in  the  steam 
drum  usually  include  equipment  for  distributing 
the  incoming  feed  water,  for  giving  surfacjB 
blows,  and  for  directing  the  flow  of  steam  and 
water  within  the  steam  drum.  In  addition,  boilers 
^ich  do  not  have  controlled  superheat  have 
designer  heaters  for  desupierheating  steam  needed 
for  auxiliary  purposes;  the  desuperheater  is 
most  commonly  installed  in  the  steam  drum, 
but  is  Installed  in  the  water  drum  in  some  of 
the  newer  boUers.  hiternal  fittings  in  some 
boilers  also  include  equipment  for  injecting 
chemicals  for  boiler  water  treatment. 

The  specific  design  and  arrangement  of 
boiler  internal  fittings  varies  somewhat  from 
one  type  of  boiler  (and  from  one  boiler  manu- 
facturer) to  another.  The  arrangement  of  inter- 
nals in  several  boilers  is  therefore  described 
here. 

Figure  ll-l  illustrates  atypical  arrangement 
of  internal  fittings  installed  in  the  steam  drum 


of  a  header-type  boUer.  This  lUustration  also 
shows  many  of  the  external  connections.  Feed 
water  enters  through  the  feed  Inlet  (A)  and  flows 
to  the  internal  feed  pipe  (B).  The  feed  pipe  is 
capped  at  one  end.  The  horizontal  part  of  the  - 
feed  pipe  runs  about  80  percent  of  the  length  of 
the  drum,  well  below  the  normal  water  level. 
The  feed  pipe  is  perforated  along  the  iqpper  side 
so  that  the  feed  water  will  be  evenly  distributed 
along  the  length  of  the  pipe. 

The  dry  pipe  (C)  is  suspended  near  the  top 
of  the  steam  drum,  along  the  centerline  of  the 
drum.  Both  ends  of  the  dry  pipe  are  dosed. 
Steam  enters  by  way  of  perforations  in  the 
upper  surface  of  the  dry  pipe.  Thus  the  steam 
must  change  direction  in  order  to  enter  the  dry 
pipe.  Since  some  moisture  is  lost  whenever 
steam  changes  direction,  the  dry  pipe  acts  as 
a  device  to  separate  steam  and  moisture.  Steam 
leaves  the  dry  pipe  through  the  main  steam  out- 
let (D)  and  trom  there  goes  to  the  superheater. 
A  few  perforations  in  the  bottom  of  the  dry  pipe 
allow  water  droplets  to  drain  back  down  to  the 
water  in  the  steam  drum. 

A  longitudinal  baffle  (N)  also  helps  to  sepa- 
rate moisture  from  the  steam  before  the  steam 
enters  the  dry  pipe.  The  baffle  is  installed  in 
such  a  way  as  to  allow  steam  to  flow  to  the  dry 
pipe  but  to  keep  moisture  (and  any  solid  matter 
that  might  be  carried  over  with  the  moisture) 
from  entering  the  dry  pipe. 

The  surface  ULow-otf  pipe  (E)  is  used  to  re- 
move grease,  scum,  and  light  sdids  from  the 
boiler  water  and  to  reduce  the  salinity  of  the 
boUer  water  while  the  boiler  is  steaming.  The 
surface  blow-off  pipe  is  Installed  near  the  cen- 
ter of  the  steam  drum,  with  the  upper  surface 
of  the  pipe  rti^tly  below  the  normal  water  level 
of  the  drum.  The  pipe  runs  almost  the  entire 
length  of  the  drum.  Holes  are  drilled  along  the 
top  centerline  of  the  pipe.  One  end  of  the  pipe 
is  blanked  off.  the  other  end  is  connected  through 
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LONGITUDINAL  SECTIONAL  ELEVATION 


DESIGNATION  OF  SYMBOLS 


A  •PEED  INLET 

&•  PEED  PIPE 

C*DRY  PIPE 

DOMAIN  STEAM  OUTLET 

E  •SURPACE  BLOW.OPP  PIPE 

P  •  SURPACE  BLOW^OPP  NOZZLE 

G*  DESUPERHEATBR  INLET 

H*  DESUPERHEATER  OUTLET 

J •DESUPRRHEATER 

K  •  CHEMICAL  PEED  INLET 

L  •  CHEMICAL  PEED  PIPE 

M*  SWASH  PLATES 

N*BAPPLE 

P  •  UPETY  VALVE  NOZZLES 


CROSS  SECTIONAL  ELEVATION 


Figure  ll-l<-Arransement  of  Internal  fittings  In 
header-type  boiler. 
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the  drumhead  to  the  surface  blow-off  nozzle  (F). 
When  the  surface  blow  valve  Is  opened,  the  pres- 
sure in  the  drum  forces  the  water  above  the 
blow-off  pipe  to  go  bito  the  pipe  through  the 
holes  on  the  top  surface;  the  water  from  the 
surface  blow-off  pipe  then  leaves  the  boiler  by 
way  of  the  surface  blow  valve. 

The  desuperheater  (J)  Is  an  assembly  of  pipe 
lengths  and  return  bends  located  below  the  water 
level  of  the  drum.  The  stiperheater  steam  enters 
the  desuperheater  through  the  desuperheater 
Inlet  (G),  gives  up  Its  superheat  to  the  water  in 
the  steam  drum,  and  then— once  again  at  or  very 
close  to  saturation  temperature-^passes  through 


the  desuperheater  outlet  (H)  before  entering  the 
auxiliary  steam  Ibie. 

The  chemical  feed  inlet  (K)  is  connected  to 
the  internal  chemical  feed  pipe  (L).  The  chemi- 
cal feed  pipe  has  holes  drilled  in  it  to  allow 
even  distribution  of  chemicals  used  for  boiler 
water  treatment. 

Swash  plates  (M)  are  used  to  redube  the 
surging  or  swashing  of  water  from  one  end  of 
the  drum  to  the  other  as  the  ship  moves.  In 
addltloni  the  swash  plates  act  as  supports  for 
the  hitemal  feed  pipe  and  for  the  desuperheater. 

The  safety  valve  nozzles  (P)  are  not  nor- 
mally considered  internal  flttbigs.  These  nozzles 
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connect  the  safety  valves  (not  shown)  to  the 
steam  dnun. 

The  arrangement  of  internal  fittings  In  a 
double-furnace  boiler  with  controlled  superheat 
is  shown  In  figure  11-2.  The  dry  pipe,  the  inter- 
nal  feed  pipe,  and  the  surface  blow  line  are 
about  the  same  as  the  corresponding  fittings  in 
the  header-type  boiler;  but  some  of  the  other 
fittings  are  different. 

The  double-ftirnace  boiler  has  no  desuper- 
heater,  since  auxiliary  steam  is  taken  directly 
from  the  steam' drum  without  passing  first 
through  the  superheater. 

Swash  plates  are  not  required  in  the  water 
spaces  of  the  double-furnace  boiler  because  this 
type  of  boUer  is  always  installed  with  the  long 
axis  of  the  steam  drum  fore-and-aft  rather  than 
athwartships.  Surging  of  water,  therefore,  is 
not  a  particular  problem. 

The  double-fUrnace  boiler  does  not  have  a 
separate  chemical  feed  pipe.  Instead,  chemicals 
for  boiler  water  treatment  come  into  the  steam 
drum  with  the  feed  water  and  are  therefore  dis- 
tributed with  the  feed  water  through  the  holes 
in  the  internal  feed  pipe. 

Perhi^  the  greatest  difference  in  the  inter- 
nal fittings  of  the  double-fUrnace  boiler  and  the 
header-type  boiler  is  in  the  equipment  provided 
for  the  separation  of  moisture  from  the  steam. 
In  the  header -type  boiler,  a  steam  baffle  helps 
to  separate  the  moisture  from  the  steam  before 
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Figure  ll-2.*Arrangement  of  internal  fittings 
in  double-Airnace  boiler. ^ 


the  steam  enters  the  dry  pipe.  In  the  double- 
fUrnace  boiler,  cyclone  steam  separators  are 
used  instead  of  a  steam  baffle.  These  separa- 
tors utilize  centrifugal  force  to  separate  water 
and  steam.  There  are  usually  18  of  these  sepa- 
rators installed  in  the  steam  drum  of  a  double- 
furnace  boiler;  half  of  them  are  installed  on  one 
side  of  the  drum  and  half  on  the  other  side. 

The  cyclone  steam  separators  are  attached 
to  a  manifold  baffle  which  extends  fron  just 
forward  of  the  generating  tubes  to  ]%st  aft  of 
them.  To  avoid  interference  with  boUer  cir- 
culation, the  manifold  baffle  does  not  reach  as 
far  as  the  downcomers.  The  manifold  baffle 
curves  around  inside  the  lower  half  of  the  steam 
drum,  passing  just  below  the  internal  feed  pipe 
and  leaving  a  space  of  about  3  inches  between 
the  baffle  and  the  steam  drum.  The  baffle  is 
attached  to  the  drum  by  means  of  two  flat  bars 
which  hang  from  the  drum,  one  on  each  side. 
The  bars  extend  the  fuU  length  of  the  baffle. 
Each  bar  contains  ports  or  openings,  and  a 
cyclone  steam  separator  is  placed  over  each 
port. 

The  general  arrangement  of  the  manifold 
baffle  and  the  cyclone  steam  separators  may  \ 
be  seen  in  figure  11-2.  Now  let  us  examine  [ 
figure  11-3  and  trace  the  flow  of  steam  and  i 
water  through  the  steam  drum.  The  generating  ; 
tubes  discharge  a  mixture  of  steam  and  water  ] 
Into  the  space  between  the  manifold  baffle  and  j 
the  steam  drum.  From  this  space,  the  only  | 
passage  available  for  the  steam  and  water  is  j 
through  the  ports  which  open  to  the  cyclone  j 
separators.  As  the  mixture  passes  through  the  | 
separators,  the  steam  passes  upward  and  the  j 
water  is  discharged  downward. 

The  cyclone  steam  separator  is  shown  in  cut-  ; 
away  view  in  figure  11-4  and  in  plain  view  in 
figure  11-5.  The  mixture  of  steam  and  water  \ 
enters  the  separator  through  the  inlet  connec- 
tion, at  a  tangent  to  the  separator  body.  Because 
of  its  angle  of  entrance,  the  mixture  of  steam 
and  water  acqpires  a  rotary  motion.  As  the 
mixture  whirls  around,  centrifugal  force  sepa- 
rates the  water  from  the  steam.  The  water, 
being  heavier,  is  thrown  out  toward  the  sides 
of  the  separator.  The  steam,  beinglighter,  tends 
to  remain  near  the  center.  An  internal  baffle 
further  helps  to  deflect  t^e  steam  to  the  center 
and  the  water  to  the  outside.  The  steam  then 
rises  through  the  center  of  the  separator  and 
passes  through  the  scrubber  element.  The 
scrubber  consists  of  closely  spaced  corrugated 
steel  plates.  As  the  steam  passes  through  the 
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Figure  11-S.— Flow  of  steam  and  water  in  steam  drum 
of  double-fUrnace  boiler. 
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scrubberi  its  direction  ia  changed  frequently^ 
and  with  each  change  of  direction  some  mois- 
ture is  lost.  The  steam  passes  out  of  the 
scrubber  element  into  the  top  part  of  the  steam 
drum  and  then  enters  the  dry  pipe. 

While  the  steam  is  rising,  the  water  is  fall- 
ing to  the  base  of  the  separator.  Stationary 
curved  vanes  in  the  bottom  of  the  separator 
serve  to  maintain  the  rotary  motion  of  the  water 
until  the  water  is  finally  discharged  from  the 
bottom  of  the  separator.  Since  the  vanes  are 
located  around  the  periphery  of  a  flat  platei  the 
water  passes  from  the  separator  only  around 
the  outer  edge.  The  flat  plate  also  servjBS  to 
keep  the  steam,  which  is  in  the  center  of  the 
separator,  •  from  being  carried  downward  with 
the  water. 

A  flat  baffle  plate  is  fitted  at  the  base  of 
each  of  the  two  end  separators  on  each  side. 
This  baffle  lAate  guides  the  water  that  is  being 
discharged  from  the  separator  to  the  center  of 
the  drum,  where  it  mixes  thoroughly  with  the 
rest  of  the  water  in  the  drum.  Without  such  a 
baffle,  the  water  from  these  end  iieparators 
would  tend  to  flow  directly  to  the  downcomers 
and,  since  it  is  hotter  than  the  rest  of  the  water 
in  the  steam  drum,  it  wotild  tend  to  disnqrt  the 
boiler  circulation. 

•        "•    ...  .  .Vu 


Figure  11*6  illustrates  the  arrangement  of 
internal  fittings  in  an  older  single-fUrnace 
boiler.  The  internal  fittings  for  this  boiler  are 
quite  similar  to  those  found  in  the  doulfle-fur- 
nace  boiler,  except  that  the  single-fUrnace  boiler 
has  a  desuperheater  (item  5  in  fig.  11-6). 

The  internal  fittings  in  the  steam  drum  re- 
quire routine  maintenance  and  iqdceep.  All  main- 
tenance requirements  shall  be  conducted  in 
accordance  with  the  Planned  Maintenance  Sub- 
system of  the  S-M  System. 

When  a  boiler  is  opened  for  cleaning  of 
watersides,  the  internal  fittings  must  be  re- 
moved. The  fittings  are  bolted  into  place;  re- 
moving the  bolts  allows  you  to  remove  the 
fittings.  Be  sure  that  all  bolts  and  tods  used 
in  removing  the  bcAts  are  strictly  accounted 
for.  When  removing  internal  fittings,  be  sure  to 
identify  them  so  that  you  will  be  able  to  rein- 
stall them  correctly. 

After  removing  the  fittings  from  the  steam 
drum,  thorojghly  wirebrush  and  clean  them. 
Check  the  dry  pipe,  the  internal  feed  line,  and 
the  surface  blow  line  to  be  sure  that  aU  the 
holes  are  free  and  clear  of  obstructions.  In 
addition,  inspect  the  Inside  of  the  feed  line  for 
oil  accumulations;  if  you  find  any  sign  of  oil 
notify  the£Pp  in  charge  cS  the  fireroom. 
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Fi^e  11-4.— Cutaway  view  of  cyclone  steam 
separator. 


BAFFLE 


STEAM 


INLET 


.  38.46 

Figure  ll-5.*-Plan  view  of  cyclone  steam 
separator. 


Before  reinstalling  the  fittings,  wirebrush, 
clean,  and  hose  down  the  steam  drimi.  Be  sure 
that  it  is  clean  and  free  of  any  oil  or  other 
accumulation. 

When  replacing  the  fittings  in  the  steam 
dnun,  be  sure  that  all  the  bolts  are  drawn  tight. 
The  desuperheater  flanges  must  be  thoroughly 
cleaned  before  the  desuperheater  is  fitted  into 
place  and  bolted.  New  gaskets  must  be  installed. 
The  flanges  must  be  drawn  up  evenly  andtightly 
to  prevent  any  leakage  from  the  flanged  joints. 

The  internal  fittings  used  in  newer  single- 
furnance  boUers  differ  from  those  used  in  older 
boUers  and  also  differ  among  themselves.  Fig- 
ure 11-7  shows  the  arrangement  of  fittings  used 
in  the  steam  drum  of  a  boiler  on  a  DLG  9- IS 
class  ship.  A  little  study  of  this  illustration 
shows  several  new  or  different  features. 

To  begin  with,  notice  that  there  is  no  desu- 
perheater, even  though  this  is  a  single-fUrnace 
boUer.  The  boiler  does  have  a  desuperheater, 
but  it  is  installed  in  the  water  drum  rather  than 
in  the  steam  drum. 

Another  interesting  feature  illustrated  in 
figure  11-7  is  the  vortex  eliminator.  A  vortex 
eliminator  consists  of  a  series  of  grid-like 
plates  arranged  in  a  semicircular  shape  to  con- 
form to  the  shape  of  the  lower  half  of  the  steam 
drum.  On<?  vortex  eliminator  is  located  at  the 
front  of  thQ  steam  drum  (as  shown  in  fig.  11-7) 
and  another  is  located  at  the  rear  of  the  drum, 
bi  each  case,  the  eliminator  is  fitted  over  the 
necks  of  the  downcomers.  The  purpose  of  the 
vortex  eliminators  is  to  reduce  the  swirling 
motion  of  the  water  as  it  enters  the  down- 
ccmiers. 

The  arrangement  of  internal  fittings  in  the 
steam  drum  of  a  boUer  oil  one  of  the  newer  de- 
stroyer escorts  is  shown  in  figure  11-8.  Notice 
that  there  are  two  feed  pipes,  each  of  which  runs 
lengthwise  in  the  drum.  The  discharge  holes  are 
drilled  along  the  inner  side  of  each  feed  pipe  so 
that  the  incoming  feed  water  is  discharged  hori- 
zontally toward  the  middle  of  the  drum.  Notice 
also  that  the  internals  in  this  steam  drum  in- 
cmde  horizontal  steam  separators  rather  than 
cyclone  steam  separators. 

A  horizontal  steam  separator  is  shown  in 
figure  11-9.  These  separators  are  installed  in 
much  the  same  way  as  the  cyclone  steam  sepa- . 
rators^that  is,  one  row  of  separators  is  in- 
stalled along  each  side  inside  the  steam  drum. 

Each  horizontal  steam  separator  has  a  ma- 
chined flange  which  isboltedtoamatchingflange 
attached  to  a  girth  baffle.  The  mixture  of  steam 
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Figure  11-6.— Arrangement  of  Internal  fittings  in  older 
slng^e-ftirnace  boiler. 
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andivater  enters  the  separator  through  a  tapered 
inlet  section  on  the  side  nearest  the  shell  of  the 
steam  drdm  and  fqjllows  a  curving  pathalongthe 
curve  of  the  separator.  The  steam  leaves 
through  the  outleit  orifices  at  each  side  of  the 
separator.  The  water,  being  heavier,  continues 
along  the  curve  of  the  separator  and  is  dis- 
charged through  drahi  holes  hi  the  drain  bafQe. 
The  knife  edge  on  the  drain  bafQe  is  there  to 
minimize  turbulence.  A  second  drain  bafQe 
curves  down  below  the  knife  edge  and  drains  off; 
any  water  that  might  pass  over  the  knife  edge. 

The  steam  discharged  from  the  horizontal 
separators  Is  channeled  directly  to  the  chevron 
dryers  which  are  installed  near  the  top  of  the 
drum,  as  shown  in  figure  11-8.  A  number  of 
these  chevron  dryers  „are  Installed  along  the 
length  of  the  steam  drum.  From  the  dryers, 
the  steam  enters  the  rectangular  dry  box  yfidch 
is  fitted  against^  the  top  of  fht}  steani  drum. 
The  dry  box  acts  as  a  chamber  for  the  collection 
of  dry  steam. 

The  chemical  feed  pipe  shown  in  figure  6-8 
is  connected  to  a  noz2sle  on  the  end  of  the  drum. 
The  chemical  feed  pipe  and  n6z2sle  are  used  to 
inject  chemicals  for  boUer\ftater  treatment iK^lle 
the  boUer  Is  in  operation;  they  are  also  used 
to  draw  samples  of  boUer  water  for  testing. 


EXTERNAL  FITTINGS  AND  CONNECTIONS 


External  fittings  and  connections  conunonly 
used  on  naval  boUers  include  drains  and  vents, 
samifling  connections,  feed  Btap  and  check 
valves,  steam  stop  valves,  safety  valves,  soot 
blowers,  blow  valves,  water  gage  glasses,  re- 
mote water  level  indicators,  superheater  steam 
Qow  indicators,  pressure  and  temperature 
gages,  superheater  tempera.ture  alarms,  smoke 
indicators,  oU  drip  detector  periscopes,  single- 
element  feed  water  regulators,  and  other  devices 
that  are  closdy  connected  to  the  boUer  but  not 
installed  in  the  steam  an4  water  spaces. 

Any  listing  of  boiler  external  fittings  and 
connections  tends  to  sound  like  a  catalog  of  mis- 
cellaneous and  unrelated  hardware.  Actually, 
however,  all  of  the  external  fittings  and  con- 
nections serve  purposes'  that  are  related  to 
boUer  operation.  Some  of  the  fittings  and  con- 
nections allow  you  to  control  the  Qow  of  feed 
water  and  steam.  Others  serve  as  safety 
devices.  Still  othersallowyoutoperformopera- 
tlonal  procedures— removing  soot  from  the  fire- 
sides, for  example,  or  giving  surface  blows— 
that  are  necessary  for  efficient  functioning  of  the 
boUer.  The  instruments  attached  to  or  Installed 
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Figure  11-7.— Arrangement  of  internal  fittings  in  newer 
single-ftimace  boUer  (DLG  9-15  class  ship). 
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near  the  boiler  give  you  essentUd  information  external  fittings  and  connections,  then,  it  is 
concerning  the  conditions  existing  Inside  the  ner.essary  to  see  how  each  item  is  related  to 
boUer.     To  understand  the  purposes  kA  the      boUer  operation. 
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Figure  ll-8.->Arrangeinent  of  internal  fittings 
in  newer  single-furnace  boiler  (DE  1006  class 
ship). 

Figures  11-10,  11-11,  11-12,  and  11-13  show 
the  locations  of  many  external  fittings  and  con- 
nections on  a  recent  1200-psi  single-furnace 
boiler,  you  study  the  following  information  on 
external  fittings  and  connections,  you  may  find  it 
helpful  to  refer  to  these  figures  to  see  vrhere  the 
various  tmits  are  installed  on  or  connected  to 
the  boiler.  Remember,  however,  that  the  illus- 
trations shown  here  are  for  one  particular 
boUer  and  that  differences  in  boiler  design  lead 
to  differences  in  the  type  and  location  of  ex- 
ternal fittings  and  connections.  Drawings  show- 
ing the  locati(m  of  external  fittings  and  connec- 
tions are  usually  included  in  the  manufacturer's 
technical  manuals  for  the  boilers  on  each  ship. 

The  maintenance  of  external  fittings  is  of 
vital  importance  to  the  proper  operation  of  the 
boiler.  Therefore,  all  maintenance  shall  be 
conducted  in  accordance  with  the  Planned 
Maintenance  Subsystem  of  the  3-M  System. 

Drains  and  Vents 

The  main  part  of  the  boiler,  the  economizer, 
and  the  supertieater— in  short,  all  the  steam  and 
water  sections  of  the  boiler-must  be  provided 
with  drains  and>ents. 


OUTLET 
ORIFICE 
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Figure  11-9.— Horizontal  steam  separator. 


The  main  part  ot  the  boiler  may  be  drained 
through  the  bottom  blow  valves  (described  later 
in  this  chapter)  and  through  water  wall  header 
drain  valves,  ft  is  vented  through  the  aircock, 
yfibich  is  a  high  pressure  gl6be  valvel  installed 
at  the  liighest  point  ct  the  steam  drum.  The 
aircock  allows  air  to  escape  when  the  boiler  is 
being  filled  and  wh^n  steam  is  first  forming;  It 
also  allows  air  totter  jthe  steam  drum  when 
the  boiler  is  being  enq[>tied. 

The  economizer  is  vented  through  a  vent 
valve  on  the  economizer  inlet  piping.  It  is 
drained  through  a  drain  line  from  the  econono- 
mizer  outlet  header.  Another  drain  line,  this 
:  one  coming  from  the  drain-pan  installed  below 


Basic  types  of  valves  are  discussed  in  chapter  14  of 
this  text. 
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Figure  ll-lO.— External  fittings  and  connections  on 
1200-psi  singHe-furnace  boiler  (front  view). 
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Figure  11-11.— External  fittings  and  connections  on  1200-p8i  single-furnace 

boiler  (furnace  side  view). 


285 


PRINCIPLES  OF  NAVAL  ENGINEERING 


ECONOMIZER 
VENT.  CONN. 


ECONOMIZER 
VESTIBULE  PEEPHOLE 


STATIONARY 
SOOT  BLOWER 
CONNECTIONS 


DAMPER 


ECONOMIZER 
VESTIBULE 
PEEPHOLE 


BLANK FLANGE 
(CHEMICALCLEANING 

AND  BOILER  TEST 

CONNECTION) 

ECONOMIZER  DRAIN 
OUTLETCONN 


MAIN  FEED  PIPECONN. 


CONN.  FOR  AIR  FLOW 
EASURI  NO  DEVICE 


CONN.FOR  AIR  FLOW 
MEASURING  DEVICE 


Figure  11-12.— Extenud  fittings  and  connections  on  1200-psl  single-furnace 

boiler  (economizer  side  view). 
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Figure  ll-13.-Extenial  fittings  and  connections  on  1200-psi  single-fUmace 

boiler  (rear  view). 


38.235 


ERLC 


287 


291 


PRINCIPLES  OF  NAVAL  ENGINEERING 


the  headers,  serves  as  a  telltale^  inthe  event  of 
handhole  leakage  in  the  economizer. 

Superheater  vents  are  installed  at  or  near 
the  top  of  each  superheater  header  or  header 
section;  superheater  drains  are  installed  at  or 
near  the  bottom  of  each  header  or  header  sec- 
tion. Thus  each  pass  of  the  superheater  is 
vented  and  drained. 

Superheater  drains  discharge  through  gravity 
(opfnsfimnel)  drains  to  the  fresh  water  drain 
collecting  system  whUe  steam  is  being  raised 
in  the  boUer.  After  a  specified  pressure  has 
been  reached,  the  superheater  drains  are  shifted 
to  discharge  through  steam  traps^  to  the  high 
pressure  drain  system.  The  steam  traps  allow 
continuous  drainage  of  the  stiperheater  without 
excessive  loss  oi  steam  or  pressure. 

Figure  11-14  illustrates  diagrammatically 
the  arrangement  of  superheater  vents  and  drains 
on  a  newer  type  of  single-furnace  boiler.  This 
illustration  also  shows  the  superheater  protec- 
tion steam  connections.  Note,  also,  the  water- 
drum  installation  of  the  desuperheater. 

Sampling  Connections 

!t  is  difficult  to  say  just  where  the  connec- 
tion for  drawing  test  samples  of  boiler  water 
may  be  located,  since  this  connection  is  found 
in  different  places  on  different  types  of  boUers. 
On  some  boilers  the  sampling  connection  is 
located  at  the  rear  of  the  water  drum.  On  others 
it  comes  off  of  the  bottom  blow  line  between 
the  water  drum  and  the  bottom  blow  valve, 
either  at  the  front  of  the  boUer  or  at  about  the 
middle  '  of  the  water  drum.  On  boilers  that  have 
a  chemical  feed  pipe  In  the  steam  drum,  the  test 
samples  may  be  drawn  through  the  nozzle  con- 
nection of  the  chemical  feedpipe.  On  some  ships 
the  surface  blow  line  connection  is  used  to  take 
boiler  water  samples. 

It  is  also  difficult  to  say  just  what  the  sam- 
,  pling  connection  may  be  called.  On  some  draw- 
ings it  is  identified  as  a  test  cock;  on  others 
as  a  salinity  code;  on  others  as  a  sallnometer 
valve;  and  on  still  others  as  a  water  test  sample 
connection. 

A  sample  cooler  Is  fitted  to  the  outlet  side 
of  the  sampling  connection.  The  cooler  brings 


The  termtelltale  is  frequently  used  in  cdnnectlcm 
with  eogineeringequipmentto  indicatb  anydevice  which 
shows  leakage,  flow,  position,  or  other  conditions. 

3 

Steam  traps  are  disoussed  In  chapter  14  of  this  text. 


the  temperature  of  the  sample  water  down  below 
the  boiling  point  at  atmospheric  pressure  and 
thus  keeps  the  water  from  flashing  into  steam 
as  it  is  drawn  from  the  higher  pressure  of  the 
boiler  to  the  lower  pressure  of  the  fireroom. 

Feed  Stop  and  Check  Valves 

Manually  operated  feed  stqp  and  check  valves 
are  Installed  in  the  feed  line  to  each  boiler.^ 
Feed  stop  and  check  valves  are  operated  man- 
ually, with  a  separate  handwheel  for  each  valve. 
In  addition,' the  feed  check  valve  has  remote 
operating  gear  so  that  it  can  be  qperated  from 
the  firing  aisle.  In  normal  iteration,  the  stop 
valve  Is  kept  fully  open  and  the  check  valve  Is 
used  to  regulate  the  supply  of  feed  water  to  the 
boiler.  When  atitomatic  feed  water  controls  are 
In  use,  both  the  feed  stop  valve  and  the  feed 
check  valve  are  kept  ftOly  qpen  so  tliat  they  will 
not  Interfere  with  the  automatic  feeding  of  the 
boiler.  (Similarly,  the  automatic  feed  regulating 
valve  is  kept  fully  open  when  the  boiler  is  being 
fed  manually  through  the  feed  check  valve. 

The  feed  stop  and  check  valves  shown  in 
figure  11-15  are  combined  in  one  manifold  cast- 
ing. Note,  however,  that  there  are  two  separate 
valves,  bi  some  installations  the  two  valves  are 
housed  In  separate  flanged  castings  which  are 
bolted  together.  No  matter  what  type  of  instal- 
lation is  used,  the  feed  Btap  valve  is  always  in- 
stalled between  the  feed  check  valve  and  the 
economizer  Inlet. 


Steam  Stop  Valves 

Main  steam  stop  valves  are  used  to  cut 
boilers  in  on  the  main  steam  line  and  to  dis- 
connect them  from  the  line.  The  main  steam 
stpp  valve  located  just  after  the  superheater 
outlet  is  usually  called  the  main  steam  boiler 
stop.  Figure  11-16  shows  an  external  view  of 
a  main  steam  boUer  stop.  Figure  11-17  shows 
a  cross-sectional  view  of  a  giobe-type  main 
steam  boiler  stpp.  Gate  valves  Instead  of  globe 
valves  are  used  as  main  steam  boiler  stops  on 
many  newer  ships. 


4 

The  stop  valve  is  a  regular  globe-type  stop  valve. 
The  so-called  **oheok**  valve  is  actually  a  stop-oheok 
valve  which  functions  either  as  a  stop  valve  or  as  a 
eheok  valve/  depending  upon  the  position  of  the  valve 
stem. 

288 

292 


Chapter  ll-BOILER  FITTINGS  AND  CONTROLS 


>IIIUir  VALVITO  MLCf 


SUHliNIATU  lAriTV 
VALVI  TO  ATMOSf  MM 


TIfT  M.OVOOVH  TUT  ILOVOOW  TO  MLOI  AMD  TO  •ILGI  AND  BLOVOOIM 
LINI  LINI  COMTAMNATID  OOMTAHMATID  TO  MLGI 
  OIUINS  MAIM 


tVMNL  PiSlGNATIONS 
•l^J"    ■IMITALkIC  ITIAM  TRAP 


ANOLI  RIUIP  VALVI 


y  niNNIL 
-^i^      CLOOI  STDP.CHICK  VALVI 

OLOH  STOP  VALVI* 
— A^V^  OUUPIRNIATIR 


MAIN  TO         TO  ilLOl  AND 
HIM  PMSSUM  OONTAMMATie 
DRAINS  DRAINS 


TISTLWI 
TOHLOI 


Figure  11-14.— Diagrammatic  arrangement  of  siiperheater 
vents,  drains,  and  protection  steam  connections. 
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Figure  11-15.— Combined  feed  stop  and  check  valves. 
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Figure  ll-16.^Extemal  view  of  main  steam 
boiler  stop  valve. 


bi  use,  the  main  steam  boiler  stop  is  always 
either  ftilly  open  or  fully  closed.  The  valve  can 
be  opened  and  closed  manually  at  the  valve 
itself.  In  some  installations,  it  can  also  be 
closed  pneimiatically  at  the  valve.  The  main 
steam  boiler  stop  can  also  be  operated  manually, 
by  remote  control  cables,  from  a  remote  oper- 
ating station;  as  a  rule,  the  valve  can  only  be 
closed  (not  opened)  from  the  remote  station. 
For  manual  operaticn,  the  toggle  operating  gear 
shown  in  figures  11-16  and  11-17  provides  the 
mechanical  advantage  required  for  closing  the 
valve  against  boiler  pressure. 

Two-valve  protection  for  each  boiler  is  re- 
quired on  all  ships  built  to  U.  S.  Navy  specifi- 
cations. A  second  steam  stop  valvie  is  there- 
fore provided  in  the  main  steam  line  Just  beyond 
the  main  steam  boiler  stqp. 


Auxiliary  steam  stop  valves  are  smaller  than 
main  steam  stop  valves  but  are  otherwise  simi- 
lar. Special  turbogenerator  steam  stqp  valves 
control  the  admission  of  steam  to  the  turbo- 
generator line. 

Safety  Valves 

2a^:h  ?K>iler  is  fitted  with  safety  valves  which 
allow  steam  to  escape  from  the  boiler  when  the 
pressure  rises  above  ispecified  limits.  The 
capacity  of  the  sai'^ty  valves  installed  on  a 
boiler  must  be  great  enough  to  reduce  the  steam 
drum  pressure  to  a  specified  safe  point  when 
the  boiler  is  being  cqperated  at  maximum  firing 
rate  with  all  steam  stop  valves  completely 
closed.  Safety  valves  are  installed  on  the  steam 
drum  and  at  the  superheater  outlet. 

Several  different  kinds  of  safety  valves  are 
used  on  naval  boilers,  but  all  are  designed  to 
open  completely  (pop)  when  a  specified  pressure 
is  reached  and  to  remain  open  imtil  a  specified 
pressure  drop  (blowdown)  has  occurred.  Safety 
valves  must  close  tightly,  without  chattering,  and 
must  remain  tightly  closed  after  seating. 

There  is  an  important  difference  between* 
boiler  safety  valves  and  ordinary  relief  valves*  ' 
The  amount  of  pressure  required  to  lift  a  relief 
valve  increases  as  the  valve  lifts,  since  the  ^ 
resistance  of  the  spring  increases  in  proportion  | 
to  the  amount  of  compression*    Therefore  a  ^ 
relief  valve  opens  slightly  at  a  specified  pres- 
sure, discharges  a  small  amount  of  fluid,  and  ) 
closes  at  a  pressure  which  is  very  close  to  the  | 
pressure  that  causes  it  to  open.  Such  an  ar- 
rangement fvill  not  do  for  boiler  safety  valves. 
J£  the  valves  were  set  to  lift  for  anytliing  close 
to  boiler  pressure,  the  valves  would  be  con- 
stantly opening  and  closing,  pounding  the  seats 
and  disks  and  causing  early  failure  of  the  valves. 
Furthermore,  relief  valves  would  not  discharge 
the  large  amount  of  steam  that  must  be  dis- 
charged to  bring  the  boiler  pr<$ssure  down  to  a 
safe  point,  since  the  relief  valves  would  reseat 
very  soon  after  they  opened. 

To  overcome  this  difficulty,  boiler  safety 
valves  are  designed  to  open  completely  at  the 
specified  pressure.  Jn  all  types  of  boiler  safety 
valves,  the  initial  lift  of  the  disk  is  caused  by  : 
static  pressiure  of  the  steam,  just  as  it  would 
be  in  a  relief  valve.  But  just  as  soon  as  the 
safety  valve  begins  to  open,  a  projecting  lip  or 
ring  of  larger  area  is  ejqposed  for  the  steam  ; 
pressure  to  act  itpon*  The  increase  in  force 
that  results  from  the  steam  pressure  acting 
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Figure  ll-17.-Cro88-8ectlonal  view  of  main  steam  boiler  stop  valve. 
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upon  this  larger  area  overcomes  the  resistance 
of  the  spring,  and  the  valve  ''ppps"-that  Is,  It 
opens  qulcldy  and  fully.  Because  of  the  larger 
area  now  presented,  the  valve  cannot  reseat 
until  the  pressure  has  become  considerably 
smaller  than  the  pressure  which  caused  the 
safety  valve  to  cqpen. 

A  steam  drum  safety  valve  of  the  huddling 
chamber  type  Is  shown  In  figure  11-18.  As  the 
static  pressure  of  the  steam  In  the  steam  dnmi 
causes  the  valve  to  open,  the  huddling  chamber 
(which  is  formed  by  the  position  of  the  adjust- 
ing rbig)  fills  with  steam.  The  steam  in*  the 
huddling  chamber  builds  up  a  .  static  pressure 
that  acts  tapon  the  extra  area  provided  hy  the^ 
projecthig  Up  of  the  feather.  The  resulthig  in- 
crease in  force  overcomes  the  resistance  of  the 
spring,  and  the  valve  pops.  After  tjte  specified 
blowdown  has  occurred,  the  valve  felotes  clean- 
ly, with  a  slight  snap.  The  amount  of  tension 
on  the  spring  determines  the  pressure  at  which 


the  valve  will  pop.  The  position  of  the  adjust- 
ing rbig  determhies  the  shape  of  the  huddling 
chamber  and  thereby  determines  the  amount  of 
Uowdown  that  must  occur  before  the  valve  will 
reseat. 

A  steam  drum  safety  valve  of  the  nozzle 
reaction  type  is  shown  in  figure  11-19.  The 
initial  lift  of  the  valve  occurs  when  the  static 
pressure  of  the  steam  hi  the  drum  acts  upon 
the  disk  insert  with  force  sufficient  to  overcome 
the  tension  of  the  spring.  As  the  disk  Insert 
lifts,  the  esciqping  steam  strikes  the  nozzle 
rhig  and  changes  direction.  The  resulting  force 
of  reaction  causes  the  disk  to  lift  higher, 
up  io  above  60  percent  of  rated  capacity. 
Full  capacity  is  reached  as  the  result  of  a 
secondary,  progressively  increasing  lift  which 
occurs  as  an  upper  adjusting  ring  is  exposed. 
The  rhig  deflects  the  steam  downward,  and  the 
Resulting  force  of  reaction  causes  the  disk  to 
lift  still  higher.  Slowdown  adjustment  in  this 
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Figure  ll-18.»Steam  drum  safety  valve  (huddling  chamber  type). 
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type  of  valve  is  made  by  raising  or  lowering 
the  adjusting  ring  and  by  raising  or  lowering 
the  nozzle  ring. 

Safety  valves  are  always  installed  at  the 
superheater  outlet  as  well  asonthesteamdriun. 
Superheater  safety  valves  are  set  to  lift  just 
below,  at,  or  just  above  the  pressure,  whfch lifts 
the  steam  drum  safety  valves,  in  order.to  en- 
sure an  adequate  flow  of  steam  through  the 
superheater  when  the  steam  drum  safety'valves 
are  lifted. 


Most  double-furnace  boilers  are  fitted  with 
a  pressure-pilot  operated  superheater  outlet 
safety  valve  assembly  of  the  type  shown  in 
figure  11-20.  This  assembly  consists  of  three 
connected  valves:  a  small  spring-loaded  safety 
valve  installed  on  the  steam  drum;  an  actuating 
valve  installed  on  the  steam  drum;  and  an  actu- 
ated (or  unloading)  valve  installed  on  thesiqper- 
heater.  The  stem  of  the  drum  valve  is  connected 
mechanically,  by  means  of  a  lev^r,  to  the  stem 
of  the  actuating  valve.  The  actuating  valve  is 
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connected  by  piping  to  the  space  above  the  disk 
in  the  superheater  actuated  (or  unloading)  valve. 
The  unloading  valve  has  no  spring  and  relics 
solely  on  pressure  differential  for  its  operation. 
Normally  there  is  a  static  pressure  above  the 
disk  of  the  unloading  valve,  since  asmall  orifice 
(or  in  some  designs  a  small  clearance  arjmpd 
the  disk)  allows  some  steam  atsiqperheater  out- 
let  pressure  to  enter  the  space  above  the  didk. 


When  the  drum  valve  is  opened  by  steam 
drum  pressure,  the  mechanical  connection  be- 
tween the  drum  valve  and  the  actuating  valve 
causes  the  actuating  valve  to  open  also.  With 
the  actuating  valve  ppen,  steam  flows  from  the 
space  above  the  disk  of  the  superheater  un- 
loading vaivci  through  the  actuatingline,  through 
the  actuating  valve,  to  atmosphere.  The  sudden 
relief  of  pressure  above  the  disk  of  the  unloading 
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Figure  ll-20.-Pressure  pilot-operated  superheater  outlet  safety  valve  assembly. 
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valve  causes  that  valve  to  open  fully,  so  that 
steam  is  discharged  from  the  unloading  valve 
to  atmosphere. 

Many  12(K)-p8i  sin^e-fUrnace  boUers,  and 
also  some  600-psi  sin^e-ftirnace  ones,  are 
equipped  with  Crosby  two-valve  stqperheater 
outlet  safety  valve  assemblies  of  the  typaahown 
in  figure  11-21.  In  an  assembly  of  thin  type, 
both  of  the  valves  are  spring  loade."^  The 
pilot  valve  on  the  steam  drum  and  the  siqper- 
heater  valve  at  the  superheater  outlet  are 
connected  by  a  pressure  transtnittlng  line  that 
runs  from  the  discharge  side  of  the  drum  pilot 
valve  to  the  underside  of  the  piston  that  is 
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attached  to  the  spindle  of  the  superheater  safety 
valve.  The  superheater  valve  is  set  to  pop  at  a 
pressure  about  2  percent  higher  than  the  pres- 
sure which  causeiS  the  drum  pilot  valve  to  pop. 
When  the  drum  pilot  valve  pops,  the  steam  pres- 
sure is  transmitted  immediately  through  the 
pressure  Ihie  to  the  piston,  and  the  superheater 
valve  is  tliuS  actuated.  U  for  any  reason  the 
drum  pilot  valve  should  fail  to  open,  the  super- 
heater valve  would  open  at  a  slightly  higher 
pressure. 

The  Consolidated  three-valve  stqperheater 
outlet  safety  valve  assembly  shown  hi  figure 
11-22    is   used  on  a  number  of  1200-psi 
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Figure  11-21.— Crosby  two-valve  siqperheater  outlet  safety  valve  assembly. 
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single -furnace  boilers.  The  assembly  consists 
of  a  pilot  valve,  an  actuating  valve,  and  an  un- 
loading valve. 

The  spring-loaded  pilot  valve  is  mounted  on 
the  top  centerline  of  the  steam  driun.  The 
actuating  valve  and  the  unloading  valve  are  as- 
sembled as  a  unit  and  mounted  on  the  piping  at 
the  superheater  outlet;  they  are  connected  to 
each  other  by  a  rocker  arm.  The  actuating  valve 
has  a  cylinder  with  a  piston  inside  it.  The  un- 
loading valve  has  a  piston-type  disk,  without 
a  stena  which  is  held  in  line  by  the  cylinder  in 
which  'it  works.  The  unloading  valve  is  pres- 
sure loaded,  not  spring  loaded. 

Steam  from  the  siqperheater  outlet  enters 
the  unloading  valve  cylinder  and  gathers  around 
the  valve  disk  above  the  seat.  The  steam  lileeds 
through  small  ports  to  the  space  above  the 
disk.  When  the  actuating  valve  is  closed,  the 
steam  above  the  disk  of  the  unloading  valve 
cannot  escape^  so  the  pressure  above  the 
disk  equalizes  with  the  j^reasme  below  the 
disk— that  is,  the  pressure  above  the  disk  is 
equal  to  superheat3r  outlet  pressure. 

The  cause  of  safety  valve  lifting  in  this 
assembly  is  excessive  pressure  in  the  steam 
dnun,  not  excessive  pressure  in  the  8tq;>er- 
keater.  When  the  pilot  valve  on  the  steam  drum 
opens,  pressure  is  transmitted  from  the  pUot 
valve  to  the  cylinder  ot  the  actuating  valve. 
Pressure  in  the  actuating  valve  cylinder  is 
iQq[flied  under  the  piston,  cruslng  the  spring 
to  compress.  The  rocker  arni  moves  tqpward 
at  the  end  over  the  actuating  valve  and  down- 
ward at  the  end  over  the  unloading  valve, 
thus  opening  the  actuating  valve. 


When  the  actuating  valve  opens,  pressure 
bleeds  off  to  atmosphere.  Since  the  space 
above  the  unloading  valve  disk  jtfi  connected 
to  the  actuating  valve,  relief  of  piressure  in 
the  actuating  valve  also  causes  relief  of  pres- 
scere  above  the  disk  in  the  unloading  valve. 
The  unloiiding  valve  therefore  opens,  allowing 
steam  to  flow  from  the  superheater  to  atmos- 
phere. When  the  pilot  valve  reseats,  the 
actuating  valve  also  reseats.  As  steam  bleeds 
through  the  ports  to  the  space  above  the  disk 
in  the  unloading  valve,  pressure  builds  up  tmd 
rapidly  equals  the  pressure  be'  ^r?  t}r>^  ^Isk  *he 
unloading  valve  closes.  In  BViLnMHs^yf  t/ien,  the 
superheater  unloading  valve  always  qpens  im- 
mediately after  the  steam  drum  pilot  valve 
opens  and  closes  immediately  after  the  pilot 
valve  closes. 

Soot  Blowers 

Soot  blowers  are  installed  on  each  boiler 
for  itie  pturpose  of  removing  soot  from  the 
firesides  while  the  boiler  is  steaming.  Soot 
blowers  are  used  only  on  steaming  boilers, 
not  on  idle  boilers.  Each  steaming  boiler  utilizes 
its  own  steam  (superheated)  to  supply  its  own 
soot  blowers. 

The  soot  blowers  must  be  used  frequently, 
regularly,  and  in  proper  sequence  in  order  to 
prevent  the  accumtilation  of  heavy  deposits  ot 
soot  which  would  interfere  with  heat  transfer 
and  which  wou?<f.  constitute  a  fire  hazard.  The 
process  of  using  the  soot  blowers  is  usually 
called  "^owhig  tubes.* 
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Figure  11*22.— Three-valve  supeziieater  outtet  safety  valve  assembly  (Consolidated). 


Before  InstructSng  flreroom  personnel  to 
blow  tubes,  the  engineering  officer  of  the  watch 
must  obtain  permission  from  the  officer  of  ttie 
deck  Under  some  conditions,  tubes  cannot  be 
Uown  without  covering  the  upper  decks  wltti  soot; 
hence  tiie  need  for  obtaining  permission  from  the 
officer  of  the  deck. 

Soot  blowers  are  Installed  on  the  boiler  with 
ttieir  nozsles  projecting  Into  ttieftimace  between 
tile  boiler  bdbes  or  adjacent  to  them.  The  soot 
Ucwers  are  arranged  so  ttiat  operation  in  the 
proper  sequence  will  Bmeep  the  soot  progres- 
sively toward  ttie  uptakes. 

The  number  of  soot  blowers  installed,  the 
way  in  which  ttiey  are  arranged,  and  ttietitowing 
arcs  for  eadi  unit  differ  from  one  typeof  boiler 
to  another.  Figure  11-23  shows  ttie  arrangement 
of  soot  blowers  used  onone  of  thenewer  1200«psi 
aingle-fnmace  boQers;  one  of  fte  soot  tdowers 
has  a  blowing  arc  of  220*  and  the  ottiers  have 
bkndng  arcs  of  360*  F,  on  this  particular  boiler. 


One  conunon  type  of  soot  blower  is  shown  In 
figure  11-24.  Thepartof  the  soot  blower  that  may 
be  seen  from  the  outside  of  ttie  boiler  is  called 
the  head.  The  soot  blower  element,  a  long  pipe 
with  nozzle  outlets,  is  the  part  of  each  soot 
blower  that  projects  into  ttie  tube  banks  of  ttie 
boiler.  The  soot  Uower  shown  in  figure  11-24  is 
operated  by  an  endless  chain;  when  the  chain  is 
pulled,  the  element  is  rotated  and  superheated 
steam  is  admitted  through  ttie  steam  valve.  The 
steam  discharges  at  hl^  velocity  from  the 
nozzles  in  the  elements.  The  nozzles  direct  ttie 
Jets  of  steam  so  ttiat  ttiey  sweep  over  the  tubes. 
The  soot  is  ttms  loosened  so  ttiatltcan  be  blown 
out  of  ttie  boiler. 

Some  soot  blowers  are  operated  by  turning  a 
crank  or  handwheel,  instead  of  by  an  endless 
chain.  On  some  recent  ships,  ttie  soot  tflowers  are 
operated  hj  pushbuttons.  One  pudibutton  is  pro- 
vided for  each  unit.  Pressing  the  pushbutton 
admits  air  to  an  air  motor  which  drives  the  units. 
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Figure  11-23.— Arrangement  of  soot  blowers 
on  a  1200  psl  slngle-ftimace  boiler. 

Some  soot  blowers  on  some  boilers  are  of 
the  retractable  type-  that  is^  the  element  does 
not  remain  in  the  furnace  all  the  time  but  in- 
stead can  be  retracted  into  a  housing  or  shroud 
between  the  inner  and  outer  casings. 

The  scavenging  air  connection  shown  in 
figure  11-24  supplies  air  to  the  soot  blower 
element  and  thus  keeps  combustion  gases  from 
backing  up  Into  the  soot  blovrer  head  and  piplhg. 
A  hole  in  the  outer  casing  allows  air  to  enter 
the  other  end  of  the  scavenging  air  line;  thus, 
scavenging  air  is  blown  through  the  soot  blower 
whenever  the  forced  draft  blowers  are  in  op- 
eration. A  check  valve  is  installed  in  the 
scavenging  air  piping,  very  near  the  soot  blower 
head;  this  valve  closes  v^enever  steam  is  ad- 
mitted to  the  soot  blower  element. 

Blow  Valves 

Some  solid  matter  is  always  present  in 
boiler  water.  Most  of  the  solid  matter  is 
heavier  than  water  and  therefore  settles  in 
the  water  drums  and  headers.  Solid  matter 
that  is  lighter  flian  water  rises  and  forms  a 
scum  on  the  surface  of  the  water  in  the 
steam  drum.  Since  most  of  the  solid  matter 
is  not  carried  over  with  ttie  steam,  ttie  con- 
centration of  solids  remaining  in  ihe  boiler 
water  gradually  increases  as  the  boiler  steams. 


For  the  sake  of  efficiency  and  for  the  pro- 
tection of  the  boiler  pressure  parts,  it  is 
necessary  to  remove  some  of  this  solid  matter 
from  time  to  time.  Blow  valves  and  blow  lines 
are  used  for  this  purpose. 

Light  solids  and  scum  are  removed  from 
the  surface  of  the  water  in  the  steam  drum  1^ 
means  of  the  surface  blow  line*->which,  as  we 
have  already  seen,  is  an  internal  boiler  fitting. 
Heavy  solids  and  sludge  are  removed  by  using 
the  bottom  blow  valves  vAiich  are  fitted  to  each 
water  drum  and  header.  Both  surface  blow 
valves  and  bottom  blow  valves  on  modem  naval 
boilers  are  globe-type  stop  valves. 

Both  the  surface  blow  and  the  bottom  blow 
valves  discharge  to  a  system  of  piping  called 
the  boiler  blow  piping.  The  boiler  blow  piping 
system  is  common  to  all  boilers  in  any  one 
fireroom.  Guarding  valves  are  installed  in  the 
line  as  a  protection  against  leakage  from  a 
steaming  boiler  into  the  blow  piping  and 
against  leakage  from  the  blow  piping  back 
into  a  dead  boiler.  A  guarding  valve  injstalled 
at  the  outboard  bulkhead  of  the  fireroom  gives 
protection  against  salt  water  leakage  into  the 
blow  piping.  After  passing  through  this  guard- 
ing valve,  the  water  is  discharged  through  an 
overboard  discharge  valve  (sometimes  called  a 
skin  valve)  which  leads  overboard  below  the 
ship's  waterllne.  Figure  11-25  shows  the  general 
arrangement  of  boiler  blow  piping  for  one  of 
the  newer  single-furnace  boilers. 

Water  Gage  Glasses 

Every  boiler  must  be  equipped  with  at  least 
two  independent  devices  for  showing  the  water 
level  in  the  steam  drum,  and  at  least  one  of 
these  devices  must  be  a  water  gage  glass. 
Some  boilers  have  more  than  two  devices  for 
indicating  water  level.  Various  combinations  of 
water  level  Indicating  devices  are  used  on 
naval  boilers.  Perhi4)s  the  most  conomon  ar- 
rangement on  older  boilers  is  two  water  gage 
glasses,  one  10  Inches  long  and  one  18  inches 
long.  Newer  boilers  may  have  two  water  gage 
glasses  and  one  remote  water  level  Indicator 
or  they  may  have  one  water  gage  glass  and 
two  remote  water  level  indicators. 

Several  types  Qf  water  gage  glasses  are 
used  on  naval  boilers.  The  older  water  gage 
glasses  differ  in  some  ways  from  the  ones 
installed  on  the  newer  1200-psl  boilers,  and 
gages  made  by  <Htferent  manufacturers  may 
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Figure  ll-24.»External  view  of  midti-nozzle  soot  blower. 
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vary  somewliat  in  design  details.  Detailed  in- 
formation on  the  water  gage  glasses  installed 
on  any  particular  boiler  may  be  obtained  from 
the  manufacturer's  technical  manual. 

An  older  type  of  water  gage  tpMs  is  shown 
in  figure  11-26.  Figure  11-27  illustrates  the 
construction  of  this  gage.  The  frame  is  the 
centerpiece  of  the  assembly,  H<dlow  stems  at 
each  bdA  ot  the  frame  connect  with  the  cutout 
valves  at  top  and  bottom,  thus  allowing  water 
and  steam  to  enter  the  gage.  Two  glass  plates 
or  strips,  ground  to  flat  paralld  faces,  are 
used  in  each  water  gage.  The  i^ass  strips  are 
backed  up  by  thin  sheets  of  mica  vAich  sep- 
arate the  g^ass  from  the  hi^  temperature 
water  and  steanu  The  mica  sheets  serve  two 
purposes.  First,  they  keep  tlie  s^ass  from  be- 
coming etched  by  the  action  of  the  hot  water 
and  stea^n.  And  second,  they  prevent  shatter- 
ing of  the  B^ass  in  case  of  breakage. 


The  entire  assembly  of  frame,  glass  strips, 
and  mica  sheets  is  mpporled  between  two  sted 
cover  plates  which  are  hdd  together  by  studs. 
Asbestos  gaskets,  1/32  inch  in  thickness,  are 
used  on  each  side  of  the  frame.  Asbestos  cush- 
ions, 1/16  inch  la  thickness^  are  used  between 
the  cover  plates  and  the  {^ass  strips.  The  ar- 
rangement of  cushions  and  gaskets  is  shown  in 
figure  11-27, 

The  drain  connection  shown  in  figure  11-26 
permits  the  water  gage  to  be  blown  down  and 
also  permits  it  to  be  drained.  The  regulator  ; 
connections  shown  at  the  top  and  bottom  of  : 
this  gage  are  not  found  on  all  gages;  they  are  \ 
Installed  only  on  boilers  wtiichwerenotorignal- 
ly  designed  to  use  feed  water  regulators  but  ] 
vrtiich  were  later  fitted  with  the  regulators. 

A  more  recent  type  of  water  gage  glass  is  I 
shown  in  figure  11-28.  The  gage  is  assembled  l 
springs,  as  shown  in  the  illustration.  This  type  I 
of  assembly  makes  it  unnecessary  to  retorque  j 
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figure  11-25.— Boiler  blow  p^tng  for  single-ftimace  boUer. 


the  etude  ^after  the  giege  hae  ivarmed  np.  (Notlee 
the  wmSiBrlDg  at  etude  ui  figure  11-28;  the 
numbere  Indicate  the  proper  eequence  of  tighten- 
ing the  etode  nhen  aaemnbUng  the  gage.) 

On  eome  tx>aer8  of  reeent  deelgUt  a  bt- 
color  ivater  gage  la  oeed.  Bl-cdor  gagM  ihow 
RED  in  the  portion  of  the  glaaa  nhieh  la  filled 
with  eteam  and  (BtEEN  In  Oe  portion  of  tte 
glaae  idrich  la  fined  wUh^WATKIL  The  U^color 


gage  0aaa  worka  on  the  alnaiile  optical  prln- 
c4Ae  that  a  ray  of  light  bends  (or  reftacte)  a 
different  amount  trtira  It  paaaec  through  ateani 
than  irtien  It  paeeee  through  water. 

Each  water  gage  la  connected  to  the  ateani 
drum  through  two  cutout  velvra^  one  at  the  top 
and  one  at  the  bottom.  Tlie  bottom  cutout  valve 
connection  contalna  a  baU-check  valve.  The 
ban  reata  on  a  holder.  Aa  long  aa  there  la 
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Figure  ll-26.-ader  type  ot  W9ter  gage  glass. 

equal  pressure  on  each  side  of  the  ball,  the 
ball  remains  on  its  holder.  But  if  the  water  gage 
breaks,  the  sudden  rush  of  water  throu^  the 
bottom  ccmnection  forces  the  ball  upward  onto 
its  seat  and  thus  prevents  ftnrther  escape  of 
hot  water.  No  check  valve  is  installed  in  the 
top  cutout  connection* 

Most  boilers  are  designed  to  carry  the  nor- 
mal Crater  level  at  the  middle  of  the  steam 
drum,  and  most  water  gages  are  moimted  in 
such  a  way  tlmt  the  normal  water  level  shows 
at  the  mi^int  of  the  water  gages  or,  hi  the 
case  of  staggered  gages,  at  the  midpoint  be- 
tween the  bottom  of  the  lower  gage  and  the 
top  ctf  the  hii^r  gage.  However,  this  general 
rule  does  not  qpply  to  some  boilers.  B  the 
designed  normal  water  level  is  NOT  intended 
to  be  siiown  at  ttie  nddpolnt  of  ttie  water  gages, 
the  loicatlon  of  the  normal  water  level  should 
be  marked  on  the  gages. 

The  water  levd  is  considered  to  lie  within 
allowable  limits  as  long  as  it  can  be  seen  in 


one  or  more  water  gage  glasses.  However,  the 
water  level  must  always  be  maintained  as 
close  to  the  normal  level  as  possible.  As 
long  as  the  water  level  is  visible  in  one  gage, 
you  can  brUig  the  water  level  back  to  normal 
by  increasUig  or  decreasing  the  amount  of 
water  fed  to  the  boUer.  K  the  water  level 
cannot  be  seen  at  all,  the  situation  must  be 
treated  as  an  emergency  requiring  the  imme- 
diate securing  of  the  boiler. 

Water  gages  must  be  blown  down  before 
the  boiler  is  cut  in  on  the  line,  at  the  end  of 
each  watch,  and  at  any  time  when  there  is  the  ! 
slightest  doubt  about  the  water  level  in  the  ' 
boiler.  Frequent  blowing  down  is  necessary 
because  the  gage  connections  are  easily  clogged 
with  dirt,  scale,  or  other  solid  matter.  Failure 
to  blow  through  the  water  gages  could  lead  to 
f^Qse  indications  of  water  level. 

Siqperheater  Steam  Flow  Indicators 

Many  boilers— particularly  double-furnace 

boilers— are  equipped  with  siq[>erheater  steam  i 

flow  indicators.  Where  installed,  these  Indies-  ; 

tors  must  be  kept  in  good  operating  condition  : 

at  all  times.  'The  superheater  outlet  thermom-  \ 

eters  indicate  temperature  at  the  superheater  | 

outlet,  not  inside  the  superheater;  and,  on  a  | 

double-furnace  boUer,  it  is  possible  to  have  no  | 

flow  through  the  superheater  while  the  ther-  i 

mometers  are  giving  perfectly  normal  readings  i 

at  the  outlet  Jn  other  words,  there  is  no  way  to  | 

be  sure  a  superlieater  is  not  being  overheated  i 

unless  both  the  siqperheater  outlet  thermometers  ; 

and  the  sqperheater  steam  flow  indicator  are  in  \ 
good  working  ccndition. 

Siq>ertieater  steam  flow  indicators  measure 
ttie  steam  pressure  differential  between  the 
superheater  inlet  and  the  siqperheater  ouUet. 
Since  the  pressure  drop  across  the  siqperheater 
is  proportional  to  tlie  rate  of  steam  flow 
thrcmgh  the  superlieater,  the  pressure  drop  can 
be  used  as  an  indication  of  the  rate  of  steam 
flow.  Siqperheater  steam  flow  indicators  are 
usually  calibrated  hi  inches  of  water,  since 
they  measure  a  relatively  small  pressure  dif- 
ferential. 

Two  types  ot  stq>erheater  steam  flow  indi- 
cators are  in  common  naval  use.  Althou^ 
both  respond  to  the  pressure  differential  be- 
tween the  superheater  inlet  and  the  super- 
heater outlet,  they  differ  in  the  mechanism  by 
vAtch  this  preseure  difference  is  measured 
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Figure  ll-27.-Coii«tnicUon  of  (dder  type  o*  ^ra^er  gage  ^ass. 
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meamred  and  transmitted  to  an  Indicating 
dial. 

The  Tanmy  mqwrbeater  steam  flow  Indi- 
cator respoiMlB  to  the  difference  between  super- 
heater liflet  preiaure  and  sqperheater  oattet 
preaaore  as  these  two  pressures  act  vpon 
separate  coioinns  or  heads  d  water.  The  gen- 
eral arrangement  of  the  Tarway  superheater 
■team  flow  taalicator  is  shown  in  figure  11-29. 

A  conrtiw*  water  levd  is  maintained  in  tlie 
two  head  dNmbers  Cruervoirs).  Both  head 
efaandbers  are  In  one  easting,  Ixft  tbm  mperhead 
chamber  Is  located  sllgfatly  above  the  lower 
head  chaaAier  In  order  to  provide  a  tiiUfiA 
lnuBBiim  (fiffermtial  wfaldi  serves  to 
stabflite  tte  sero  reading.  Seam  from  the 
siverbeatsr  hilet  is  led  to  the  ivper  head 


chamber,  and  steam  from  the  superheater  out- 
let Is  led  to  the  lower  head  chamber.  Eiqposed 
p^ing  connects  each  head  chamber  with  the 
Indicating  unit. 

The  idterior  ot  the  indicating  unit  Is  shown 
in  figures  11-30  and  11-31.  As  may  be  seen, 
the  water  frtnn  the  ivper  head  chamber  enters 
the  Indicating  unit  on  one  side  of  the  diaphragm, 
and  the  water  from  the  lower  head  chamber 
enters  on  the  other  side.  The  pressure  from 
the  upper  head  chamber  Is  greater  than  the 
pressure  from  the  lower  head  Chamber,  so  the 
diuhragm  Is  moved accordtagly.  Thedlaphragm 
is  comected  by  a  pin  linkage  to  a  flection 
plate  wUdi  moves  in  sensitive  response  to 
the  mcvament  of  the  dbvbragm. 
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Figure  11-28.— Recent  type  of  water  gage  g^s. 
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A  permanent  horseshoe  magnet  is  rigidly 
mounted  on  that  side  of  the  deflection  plate 
lAdch  is  free  to  move.  The  p61es  of  the  magnet 
straddle  a  tubular  well  in  irtiich  a  spiral-shaped 
strip  armature  Is  moonted  on  Jewded  bearings. 
A  counterbalanced  pointer  is  attached  to  the  end 
of  the  armature  mounting  shaft* 

When  the  deflection  plate  moves  in  response 
to  vaiiations  In  pressure,  the  magnet  is  made 
to  move  along  the  axis  of  the  well.  As  the  magnet 
moves  \lhe  spiral-shaped  armature  roUsbi  order 
to  keep  bk  alignment  vrfth  the  magnetic  field  be- 
tiveen  the  poles  of  ttie  magnet.  Thus  a  rotary 
motion  is  imparted  to  the  armature  mounting 
shaft;  and  the  rotation  ot  the  shaft  causes  the 
pointer  to  move.  The  pointer  moves  over  a 
tarigbUy  illuminated  vertical  dial  which  is  divided 
into  green  and  red  soiies  to  represent  safe  and 
unsafe  operating  cowBtions. 


The  Jerguson  siqperheater  steam  flow  indi- 
cator, shown  schematically  in  figure  11-32, 
consists  of  three  main  parts:  (1)  a  datum 
chamber  assembly,  (2)  a  valve  manifold,  and 
(3)  an  Indicating  unit. 

The  Jerguson  indicator  is  essentially  a 
mercury-filled  manometer  with  a  stainless  steel 
float  bi  one  leg.  As  the  pressure  differential 
between  the  superheater  inlet  and  the  sqper- 
lieater  outlet  varies,  the  mercury  levd  in  the 
instrument  changes  and  thereby  actuates  the 
indicating  pointer.  The  movement  of  tlie  float ; 
in  the  manometer  is  transmitted  to  tlie  pointer 
on  the  scale  by  nieans  of  a  magnetic  c^qding  • 
drive.  The  coupling  consists  of  an  internal 
magnetic  armature  on  the  end  of  the  float  shaft 
and  an  eatemal yoke  withmagnetically  energised 
arms.  The  yoi»,  forming  a  part  of  tlie  pointer 
system,  pivots  on  precision  bearings  in  order 
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Figure  ll-29.«»Geiieral  arrangement  of  Yarway 
fliqperlieater  steam  flow  Indicator. 


to  maintain  alignment  with  the  Internal  armature 
attached  to  the  float  abaft;  thus  the  ycte  pivots 
aa  the  armature  moves  up  and  down. 

Ilie  datum  ehainber  Is  connected  bj  piping 
to  the  superheater  liflst  and  outlet  connections 
and  tins  provides  the  means  for  Impressing  dif- 
ferential pressure  on  ths  instrument  As  noted 
prevloasly,  the  pressure  difference  tmtween 
sqperheater  lidet  and  sqierheater  ouQet  tswed 
as  a  measure  of  tiie  rate  of  steam  flow  tiirou^ 
thei   ^ 
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Remote  Water  Level  bidicators 

Remote  water  level  Indicators  are  used  on 
most  ships  to  provide  a  means  whereby  the 
.  boiler  water  level  may  be  observed  from  the 
lower  level  of  the  flreroom.  The  two  types  of 
remote  water  level  indicators  discussed  here 
are  In  common  use  on  combatant  ships;  other 
types  may  be  found  on  auxiliary  ships. 

The  Tarway  remote  water  level  Indicator 
consists  of  three  parts:  (1)  a  constaht-head 
chamber  which  is  mounted  on  the  steam  drum 
at  or  near  the  vertical  centerllne  of  the  drum- 
head; (2)  a  graduated  Indicator  vAlch  Is  usually 
mounted  on  an  Instrument  panel;  and  (3)  two 
reference  legs  that  connect  the  constant-head 
chamber  to  the  indicator.  The  reference  legs 
are  marked  A  and  B  in  figure  11-33,  which 
shows  the  general  arrangement  of  a  Yarway 
remote  water  level  Indicator. 

A  constant  water  level  Is  maintained  in 
leg  A,  since  the  water  level  In  the  Constant- 
head  chamber  does  not  vary.  The  level  hi  leg 
B  is  ftee  to  fluctuate  with  changes  In  the 
steam  drum  water  level.  The  iqiper  hemisphere 
of  the  constant-head  chamber  Is  connected  to 
the  steam  drufai  at  a  poUit  above  the  hidiest 
water  level  to  be  Indicated;  because  of  this 
connection,  boiler  pressure  Is  esw^rted  equally 
upon  the  water  In  the  two  legs.  The  variable 
leg  B  Is  connected  to  the  steam  drum  at  a  point 
below  the  water  level  to  be  Indicated;  because 
of  this  ccmnection,  the  water  level  hi  log  B  Is 
equalized  with  the  water  level  In  the  steam  drum. 

As  may  be  seen  In  flginre  11-33,  each  leg 
is  connected  by  pipbag  to  the  Indicator.  In  the 
Indicator,  the  two  columns  of  water  terminate 
upon  opposite  sides  of  a  dtafbngau  The  hi- 
dlcatbig  milt  is  almost  identical  with  the  fai- 
dicattng  unit  of  the  Yarway  si^erheater  steam 
flow  hidicator,  previously  described. 

The  general  arrangement  of  c  Jerguson 
remote  water  level  indicator  is  shown  In  figure 
11-34.  As  may  be  seen,  the  operatfng  prhi- 
ciples  of  this  devtee  are  very  slmilur  to  the 
operathig  prhidples  of  the  Jerguson  steam 
flow  indicator,  previously  discussed. 

Sqperheater  Tenq^erature  Alarms 

ftgperheater  temperature  alarms  are  In- 
stalled on  most  boilers  to  warn  operating  per- 
sonnel of  dangerously  Ugh  temperatures  in  the  ^ 
superheater.  One  type  of  supeiteater  ten^er- 
ature  alarm  is  shown  in  figure  11*35.  The  bulb. 
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Figure  11-30.— CroBfi  sectim  of  Tarway  Indicating  unit  (front  view). 


98.91 


the  capillary  tube,  and  the  spiral-shaped  Bour- 
don element  are  filled  with  mercury.  As  the 
temperature  rises,  the  mercury  eq^ands  and 
causes  the  Bourdon  tube  to  move  so  that  an 
attached  cantaever  arm  is  moved  toward  an 
dectric  microfiwttclu  When  the  tenq^erature 
reaches  a  predetermined  point,  the  cantilever 
arm  closes  the  microswitch,  actuating  a  warn- 
ing 11^  and  a  warning  howler. 

Smoke  Indicators 

Naval  boners  are  fitted  with  smoke  Indi- 
cators (sometimes  called  smoke  periscopes) 
trtiich  permit  visual  Observation  of  the  gams 
of  combustion  as  they  pass  through  the  vgp- 
takes.  Most  aing^e-ftimace  boilers  have  one 
smoke  hidlcator  installed  in  the  uptake.  Double- 
furnace  boQers  have  two  smoke  Indicators, 


one  for  observing  the  combustion  gases  coming 
from  the  saturated  side  and  the  other  for  ob- 
serving the  combustion  gases  coming  from  the 
superheater  side. 

A  smoke  indicator  is  shown  in  figure  11-36. 
A  light  bulb  is  installed  in  a  lamp  unit  at  the 
rear  of  the  boiler.  At  the  front  of  the  boUer, 
In  direct  Ibie  of  siglit  with  the  lamp,  Is  a  re- 
flector unit  vdilch  reflects  the-  Image  to  a 
second  mirror.  The  second  mirror  is  located 
so  that  it  may  be  seen  from  the  fireroom. 

oa  Dtfp  Detector  Periscopes 

Some  boilers  are  equipped  with  oil  dr^ 
detector  periscopes  which  permit  inspection 
<rf  the  floor  between  the  Inner  and  outer  boUer 
castings,  to  see  If  oU  has  accumulated  there. 
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The  oil  drip  detector  periscope  operates  on  much 
the  same  principle  as  the  smcdce  periscope. 

Pressure  and  Tempeiature  Gages 

Boiler  operation  requires  constant  aware- 
ness of  the  pressures  and teniperatures  existing 
at  certain  locations  within  the  boiler  and  in 
associated  machinery  and  systems.  Operating 
personnd  depend  iipon  a  variety  of  pressure 
and  tenq^rature  gages  to  provide  them  with  the 
necessary  information.  Pressure  gages  are  in- 
stalled on  or  near  each  boiler  to  indicate  steam 
drum  pressure,  siq[>erheater  outlet  pressure, 
auxiliary  steam  pressure,  auxiliary  eadiaust 
pressure,  feed  water  pressure,  steam  pressure 
to  the  forced  draft  blowers,  air  pressure  In  the 
doitf>le  castings,  and  ftiel  oil  pressure.  Teinpera- 
ture  gages  are  installed  to  indicate  superheated 
steam  temperature,  desqperheated  steam  tem- 
perature (if  the  boiler  has  a  desuperheater), 
feed  water  temperature  at  the  economiaer  Ihlet 
and  ouUet,  foA  oil  temperature  at  the  fttd  oU 
manifold  before  the  boQer,  and—In  some  sh^ps— 
iqptake  ten^erature* 

hi  some  flrerooms,  the  gages  that  indicate 
steam  drum  pressure,  si^^rtieater  ouQet 
pressure,  stqierheater  outlet  tenqperature,  and 


combustion  air  pressure  are  installed  on  the 
boiler  front.  As  a  rule,  however,  the  indicating 
units  of  all  pressure  gages  are  mounted  on  a 
boiler  gage  board  which  is  easUy  visible  from 
the  firing  aisle.  Distant-reading  thermometers 
are  alsoinstalledwiththeindicatingunit  mounted 
on  the  boiler  gage  board.  In  some  installations, 
a  common  gage  board  is  used  for  all  the  boilers 
in  one  space,  instead  of  having  separate  gage 
boards  for  each  boiler. 

Most  of  the  pressure  images  used  in  con- 
nection with  boUers  are  of  the  Bourdon-tube 
type,  although  some  diapliragm-type  gages  and 
some  manometers  are  also  used  in  the  fire- 
room.  The  tenqperature  gauges  most  conmionly 
used  in  the  fireroom  are  direct-reading  liquid- 
in-glass  thermometers  and  distant-reading 
Bourdon-tube  thermometers.  The  basic  operat- 
ing princ^fles  of  these  pressure  and  temperature 
gages  are  discussed  in  chapter  7  of  this  text. 

Single-Element  Feed  Water  Regulators 

Single-element  automatic  feed  water  regu- 
lators are  Installed  on  many  boQers  irtiich  are 
not  eq^^pped  with  complete  automatic  feed  water 
and  combustion  control  systems.  Sin^e-element 
regulators, .  unlike  the  multi-dement  control 
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Figure  ll«S2.-Jergii8on  «qperbeater  steam  flow  Indicator. 
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WYWtemm,  are  controlled  by  one  variable  only— 
namely,  the  ivater  level  variation  In  tbe  steam 
dram.  Bence  eini^e-element  reKolators  are  not 
aide  to  compenwte  for  aweU  and  ilirink. 

Sini^e^dement  regoHatore  are  intended  prl* 
marUy  fdr  keeping  the  boQera  mqipUed  wttli 
feed  nater  in  battle  or  under  other  coodttlone 
irben  manual  feeding  of  the  boUera  might  be- 
come difOctilt  or  impoeatble.  These  regulators 
must  be  cot  in  immediately  triien  General  Qoar* 
ters  is  sounded.  They  may  also  be  used  at 
other  ttmes,  snd  bi  fkiet  Aodd  be  used  tn^ 
QoenQy  'enough  to  loeep  them  In  good  ivoridng 
order  and  tMdf  for  use  under  emergency  con* 
dttions. 


Single-element  regulators  can  contrd  ttie 
ivater  level  within  acceptable  limits  underrela- 
tively  steady  steaming  conditions,  Imt  not  under 
severe  maneuvering  conditions.  Since  conqflete 
reliance  cannot  be  placed  on  the  sini^e-element 
regiflator,  a  dbBdaoan  must  remain  on  station 
and  be  r«u|y  to  take  manual  control  if  necessary 
when  the  stai^e^emmt  regidator  is  In  use  in 
otiier  ttan  emergency  conditions. 

A  sinfljie-dement  automatic  feed  water  regu- 
lator Is  slmm  in  figure  11«37.  An  Inner  tube, 
enclosed  tiy  a  gmierator,  is  connected  to  the 
boiler  steam  drum  tlu'ough  valves  ^  and  BL 
Tboa  the  water  level  in  tlie  inner  tube  is  depend- 
ent upon  the  water  level  in  the  steam  drum. 
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98.97 

Figure  11-33.— General  arrangement  of  Tanvay 
remote  wat§£j0vel  indicator. 

Cooling  fine  attached  to  the  pipe  that  carries 
water  from  the  eteam  dnmi  to  tbe  Inner  tube 
ensure  that  the  water  in  the  Inner  tube  will  be 
at  a  tfll^y  lower  temperature  than  the  steam 
in  the  Inner  ttdbe.  Cooling  fine  on  the  generator 
ensure  that  the  water  and  eteam  In  tiie  generator 
win  be  cooler  than  the  water  and  steam  In  the 
inner  tobe.  For  a  nmdier  of  reasons,  Uie  trans- 
fer of  heat  Is  more  npld  from  the  eteam  in 
the  Inner  fube  to  the  steam  tai  tbB  generator 
than  It  la  from  the  water  hi  tim  bmer  tdbe  to 
the  water  In  the  generator* 

As  the  water  levtf  In  the  eteam  drum  drops^ 
causing  a  correnKWidlng  drop  In  tte  water  levd 
In  the  bmer  ttdbe»  more  ot  the  generator  Is  ex- 
posed to  the  steam  Infhelnnertdbe.  Thie  causes 
more  water  in  the  generator  to  Hash  into  eteam. 
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thus  increasing  the  pressure  on  the  water  in 
the  closed  regulator  system  and  e^mndlng  the 
bellows,  which  are  normally  compressed  by 
flfpring  pressure.  Expansion  of  the  bellows  opens 
the  feed-regulating  valve  In  the  feed  line  and 
allows  more  water  to  flow  to  the  boiler.  When 
the  water  level  in  the  steam  drum  rises,  the 
reverse  process  occurs  and  the  feed-regulating 
valve  tends  to  dose. 

BOILER  CONTROLS 

Automatic  boiler  controls  consisting  of  in- 
dependent combustion  control  and  feed  water 
control  systems  have  been  installed  on  a  num- 
ber of  naval  ships.  All  indications  point  to  an 
Increasing  use  of  automatic  contrcdSi  particular- 
ly as  boilers  are  designed  for  higher  operating 
pressures  and  tenqwraturee.  Many  hig^  pres- 
sure boilers  require  such  nq;ild  and  sensitive 
response  to  feed  water,  fkiel,  and  combustion 
air  denumds  that  the  use  of  automatic  controls 
is  almost  a  neceesity. 

The  ftmction  of  an  automatic  combustion  con- 
trol system  Is  to  maintain  the  fuel  liqNit  and 
the  combustion  air  input  to  the  boiler  in  accord- 
ance with  the  demandfor  steam  and toproportlon 
the  amount  of  air  to  the  amount  of  ftiel  in  such 
a  way  as  to  provide  mairimiim  combustion  ef- 
ficiency. The  feed  water  contrcA  system  Amo- 
tions to  provide  the  required  boiler  feed  and 
maintain  the  steam  drum  water  level  at  or  near 
normal  position  (middle  of  the  water  gage  glass 
at  all  steaming  rates. 

An  installed  control  system  is  quite  often 
simpl  er  In  theory  than  one  would  sqppose  vAen 
first  viewing  the  complex  assortment  of  com- 
ponents and  tubing*  To  begin  with,  then,  let  us 
look  at  the  basic  principles  of  automatic  control 
and  see  how  they  qiply  to  a  very  slmide  contrd 
system. 

Any  control  system,  simple  or  conqflex,  must 
pe  Tform  four  ftmctlons.  It  must: 

Measure  something  on  the  ou^  side  of  a 
process; 

Conmare  the  measured  value  with  the  desired 
value; 

Compute  the  amount  and  direction  of  change 
reqpilred  to  faring  the  measured  ou^  value 
back  to  the  dMred  ou^  value; 

Correct  mmething  on  the  input  side  of  the 
process  so  that  the  output  side  of  the  process 
wm  be  farongM  back  to  the  desired  value. 

Maasui'ftnieiiti  comparison^  computatloOf  and 
correction— fiiese  are  the  basic  opernttons 
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Figure  ll-34.-*J6rgu8on  remote  water  level  indicator. 


performed  by  a  control  aystem.  Taken  together, 
tbey  constitute  a  closed  loop  of  action  and 
counteraction  by  ivfaleh  some  quantity  or  con- 
dition is  measured  and  controlled.  The  closed 
conbrcA  loop  is  often  called  a  feedback  loop, 
since  it  reqpbres  a  feedback  signal  from  some- 
thtaig  on  the  ou^Rit  side  of  the  process  to  some- 
thing on  the  input  side  of  the  ptacess.  The  closed 
loop  concept  is  ittostrated  in  figure  11-38. 


Now  let  us  examine  a  slnqde  automatic  con- 
trol system  such  as  the  one  shown  in  figure  11- 
39.  The  process  being  controlled  is  a  heat 
exchange  process  in  which  steam  is  used  to  heat 
ccfld  water.  The  two  inputs,  steam  and  c(fld 
water,  produce  one  output—hot  water  at  some 
desUred  temperature.  Such  a  process  could  be  , 
controlled  by  various  kinds  of  automatic  con-  ; 
trd  systems-^electrical,  fafydraulic,  pneumaUc, 
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Figure  ll-35.»Siq;>erheater  temperature  alarm. 


or  some  combination  of  these.  A  simple  pneu- 
matic control  Bystem  has  been  selected  because 
boiler  control  systems  are,  almost  without  ex- 
ception, pneumatic. 

To  perform  the  control  functions  of  measure- 
ment, comparison,  computation,  and  correction, 
the  automatic  control  system  must  have  a  meas- 
uring means,  a  cointrolling  means,  and  some 
arrangement  for  comparlaon  and  computation. 

The  measuring  means  in  the  system  shown 
in  figure  11-39  consists  cf  a  thermometer  bulb, 
a  Bourdon  tube,  and  connecting  capillary  tubing. 
A  change  in  the  controlled  variable— that  is,  the 
temperature  of  the  hot  water— leads  to  a  change 
in  the  pressure  transmitted  to  the  Bourdon  tube 
and  thus  leads  to  a  change  in  the  position  of  the 
Bourdon  tiibe.  Through  a  ser^s  of  mechanical 
linkages,  the  position.oC  the  Bourdon  tube  affects 
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Figure  11-36.— Smdce  indicator. 
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Figure  ll-37.-Sin8fle-element  feed  water  regulator. 
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the  position  of  the  vane  in  a  nozzle-and-vane 
assembly  located  in  the  transmitter. 

A  set  point  knob  is  linked  in  some  way  to 
the  nozzle  of  the  nozzle-and-vane  assembly,  so 
that  the  setting  of  the  set  point  knob  affects  the 
position  of  the  nozzle.  The  set  point  knob  is 
positioned  to  represe^  the  desiredtemperature 
of  the  hot  water  output. 

The  nozzle-and-vane  assembly  is  the  com- 
paring and  computing  device  in  this  pneumatic 
transmitter.  Since  the  position  of  the  Bourdon 
tiibe  affects  the  position  of  the  vane  and  the 


setting  of  the  set  point  knob  affects  the  position 
of  the  nozzle,  the  distance  between  the  nozzle 
and  the  vane  at  all  times  represents  acompari  ^ 


son  of  the  actual  measured  value  (Bourdontube) 
and  the  desired  value  (set  point  knob).  The 
distance  between  the  tip  of  the  nozzle  and  the 
vane  is  responsible  for  the  computation  of  the 
amount  and  direction  of  change  that  must  be| 
made  in  the  position  of  the  steam  valve,  since; 

(1)  the  rate  of  air  flow  from  the  nozzle  de-^ 
pends  upon  the  distance  between  the  nozzle  and 
the  vane;  and  .  ^ 
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Figure  11-38.— Closed  control  loop. 
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(2)  the  rate  of  air  flow  from  the  nozzle 
determines  the  Intensity  of  the  pneumatic  pres- 
sure imposed  upon  the  valve  motor  operator. 

It  the  vane  and  the  nozzle  are  relatively  f^ 
apart,  a  good  deal  of  air  will  flow  out  of  the 
iOzzle  and  there  will  be  relatively  low  air 
ressure  acting  on  the  motor  operator.  Kthe 
ane  and  the  nozzle  are  closer  together,  the  flow 
air  from  the  nozzle  will  be  retarded  and 
ligher  pressure  will  act  upon  the  motor  oper- 
ator. The  level  of  air  pressure  acting  on  the 
motor  operator  determines  the  position  of  the 
Bteam  valve,  since  the  motor  operator  positions 
the  valve  in  accordance  with  the  air  pressure 
received  tsona  the  transmitter.  The  niotor  oper- 
sitor  and  the  steam  valve  together  thus  form  the 
controlling  means  of  this  system. 

As  previously  noted,  practically  all  boiler 
control  systems  aboard  ship  are  ot  the  pneu- 
iiatic  type,  depending  upon  c6nq>ressed  air  for 
their  operation.  Conqpressed  air  is  used  as  the 
controlling  or  balancing  force  for  the  operation 
2f  the  many  pneumatic  transmitters  and  r^ys 
n  the  system  and,  at  a  higher  pressure,  as  the 
iource  of  ppwer  to  operate  some  or  all  of  the 
control  drives  and  control  valves  that  contrdi 
he  flow  of  ftiel,  combustion  air,  and  feed  water, 
n  some  older  ships,  the  compressed  air  supply 
lis  obtained  from  the  ship'fsi  service  compressed 
lir  system,  through  reducing  valves.  ^  newer 


ships,  a  separate  combustion  control  compress- 
ed air  system,  with  its  own  air  conqpressor,  is 
installed  for  the  boiler  controls. 

In  any  pneumatic  boiler  control  system,  a 
great  many  unit«  are  used  to  develop,  transmit, 
and  receive  pn&Ljnatic  ^'messages"  or  ^'sig- 
nals"  in  the  form  of  variable  air  pressures. 
The  pneumatic  units  are  interconnected  by  cop- 
per tubing.  A  typical  pneumatic  unit  in  a  boiler 
control  system  operates  by  receiving  one  or 
more  pneumatic  pressures  from  one  or  more 
sources  (frequently  from  other  pneumatic  units), 
altering  or  combiningthe  pressure  or  pressures, 
and  then  sending  a  new  pneumatic  pressure  to 
another  pneumatic  unit  in  the  system. 

The  actual  mechanisms  which  develop,  trans- 
mit, and  receive  pneumatic  signals  vary,  depend- 
ing upon  the  manufacturer  and  XB^on  the  function 
of  the  units.  The  nozzle-and-vane  assembly 
shown  in  figure  11-39  is  only  one  of  a  number 
ot  pneumatic  devices  that  could  be  used  to  ac- 
complish the  functions  of  comparison  and  com- 
pution.  Bellows,  esdeqpement  valves,  and  various 
other  devices '  are  used  in  pneimiatic  control 
systems  to  compare  the*  measured  value  with 
the  desired  value  and  to  compute  the  amount 
of  correction  required.  Similarly,  the  measur- 
ing means  and  the  controlling  means  shown  in 
figure  11-39  are  commonly  used  in  pneumatic 
control  systems,  but  they  are  not  the  only 
possible  devices  for  such  applications. 
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Figure  11-39.— Simple  automatic  control  system  for  control 
of  heat  exchange  process. 
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The  remainder  of  this  discussion  deals  with 
BaUey  boiler  controls  which  have  been  installed 
on  several  ships  that  have  1200-psl  boUers.  ft 
should  be  noted  that  boiler  control  systems  In- 
stalled In  naval  ships  are  by  no  means  identical. 
The  sjrstems  made  by  different  manufacturers 
(including  Bailey,  General  Regulator,  and  Hagan) 
are  different  in  many  respects.  Although  the 
systems  made  by  any  one  manufacturer  tend  to 
utillsse  the  same  kind  of  comjpipnentSi  the  layout 
of  the  systems  smd  the  yarlaUes^^L^^ 
vary  conslderabiy.  Hence  Uie  fidlpwlng  discus 
slon  of  ^ey  boiler  conteols  isfhCHiiid  be^^r 
as  an  eiomqple  rfdh 

bi  Bailey  boiler  control  systems,  we  must 
distinguish  thr^je  kinds  of  air  pressure.  Loading 


pressure  Is  the  term  used  to  describe  the  pneu 
matlc  signal  pressure  between  two  pneumatic 
units  of  the  control  system,  eyept  when  the 
pressure  Is  Inqposed  tqKm  a  contrd  valve  or  a 
control  drive.  COTtrol  pessure  is  the  term  used 
to  describe  the  pneumatic  inressure  going  to  the 
diaphragm  of  a  ccxitrol  valve  or  to  the  piston  d 
a  control  drive.  For  example,  we  would  call 
the  pneumatic  output  of  a  steam  pressure  trans- 
mitter loading  pressure  because  it  goes  to  8 
pneumatic  relay^  if  the  pressure  were  Imposec 
directly  iqpon  a  control  drive  or  a  control  valve. 
Instead  of  iqpon  the  intervening  relay,  the  pres« 
sure  would  be  called  control  pressure.  Eact 
pneumatic  unit  in  the  system  requires  a  supplj 
of  conqpressed  air  so  that  it  can  develop  thi 
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'  appropriate  loading  pressures  or  control  pres- 
sures; the  air  pressure  suppliedfor  this  purpose 
is  called  supply  pressure, 

ft  is  not  necessary  to  take  up  the  operating 
principles  of  the  various  pneumatic  units,  pro- 
vided we  remember  their  basic  function:  to 
develop,  transmit,  and  receive  pneumatic  signals 
in  the  form  of  variable  air  pressures.  We  should 
also  have  some  idea  of  the  specific  functions 
served  by  the  various  kinds  of  pneumatic  units 
listed  below. 

Transmitters.  In  general,  a  transmitter  may 
be  defined  as  an  instrument  that  produces  a  pneu- 
matic signal  (in  the  form  of  variable  air  pres- 
sure) proportional  to  one  of  the  basic  variables 
in  the  controlled  process. 

Relays*  A  relay  is  a  pneumatic  device  that 
receives  one  or  more  pneumatic  signals,  alters 
or  combine^  signals  in  various  ways,  and  pro- 
duces an  output  signal  which  goes  to  one  or 
more  other  pneumatic  units.  There  are  several 
different  kinds  of  relays:  ratio  relays,  Standa- 
trols,  rate  relays,  selective  relays,  andlimiting 
relays.  The  specific  functions  of  these  units  will 
become  apparent  later,  as  we  trace  the  sequence 
of  events  in  the  boiler  control  system. 

Control  Drives.  A  power  unit  that  mechan- 
ically positions  valves  or  dampers  in  accord- 
ance with  the  amount  of  control  pressure  re- 
ceived is  called  a  control  drive. 

Control  Valve*  A  control  valve  is  a  valve 
usea  to  control  the  flow  of  fluid  in  a  line.  The 
control  valve  is  positioned  by  a  control  drive 
in  accordance  with  control  pressure.  &i  other 
words,  a  control  valve  is  the  final  control 
element. 

Selector  Valves.  A  selector  valve  is  a  pneu- 
matic  instrument  that  provides  selection  of 
manual  or  automatic  control  of  the  system  com- 
|)onents  that  follow  it.  A  selector  valve  also 
provides  a  means  for  manual  control  of  the  sys- 
tem. 

Figure  11-40  shows  the  control  relationships 
in  the  combustion  contrd  system  and  the  feed 
water  control  system.  The  relationship  of  the 
major  components  is  illustrated  schematically 
In  figure  11-41.  Using  this  schematic  diagram 
as  a  guide,  we  will  trace  the  sequence  of  events 
in  order  to  arrive  at  an  understanding  of  the 
basic  control  relationships.  Notice  that  each  unit 
in  figure  11-41  is  identified  by  a  Bailey  number 
(and  in  some  cases  by  a  name).  The  numbers 
and  names  are  given  in  the  legend  for  figure 
11-41  and  are  used  in  the  following  discussion. 
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ft  is  important  to  remember  that  a  pneu- 
matic unit  may  have  more  than  one  pneumatic 
signal  coming  into  it  and  that  it  may  transmit 
a  penumatic  signal  to  more  than  one  unft.  In 
describing  the  sequence  of  events,  it  is  some- 
times necessary  to  ignore  some  signals  while 
following  others  through  to  their  final  conclusion. 
But  the  system  functions  as  a  whole,  not  as  a 
series  of  isolated  or  separate  events.  This 
means  that  a  great  many  signals  are  being 
transmitted  and  received  at  any  given  time 
and  that  a  number  of  actions  are  taking  place 
simultaneously. 

Combusion  Control  System.— The  combustion 
control  system  maintains  the  energy  input  to 
the  boiler  equal  to  the  energy  output  1^  regu- 
lating combustion  air  flow  and  fuel  flow  so 
that  the  main  steam  line  pressure  is  main- 
tained at  1200  psig.  bi  other  words,  the  con- 
trolled variable  is  steam  pressure,  the  desired 
value  is  1200  psig,  and  the  manipulated  vari- 
ables are  fiiel  flow  and  combustion  air  flow. 
Combustion  air  flow  and  fuel  flow  are  read- 
justed in  accordance  with  steam  demand,  as 
indicated  by  the  measurement  of  steam  flow. 
The  actual  measured  steam  flow  thus  provides 
the  system  with  an  additional  feedback  signal. 

There  are  five  initial  signals  in  the  com- 
bustion control  system:  steam  pressure,  fuel 
supply  flow,  fuel  retmrn  flow,  combustion  air 
flow,  and  steam  flow.  Each  of  these  variables 
is  measured,  and  pneumatic  transmitters  de^ 
velop  loading  pressures  that  correspond  to  the 
measured  values  of  the  variables.  The  two  fliel 
flow  signals  are  combined  in  a  fiiel  flow  dif- 
ferential relay,  as  desa^ibed  later;  in  one 
sense,  therefore,  it  is  possible  to  say  that  this 
system  has  four  basic  signals  instead  of  five. 

The  combustion  control  system  is  set  to 
maintain  the  superheater  outlet  steam  pressure 
at  1200  psig,  with  variations  not  exceeding 
±0.25  percent  of  the  set  pressure  at  all  steaim- 
ing  rates.  Steam  pressure  transmitters  (Cla) 
measure  steani  pressure  from  the  superheater 
ouUet  of  each  of  the  two  boilers  and  establish 
output  loading  pressiure  signals  that  are  directly 
proportional  to  the  measured  steam  pressure. 
For  the  range  of  steam  pressures  being  meas- 
ured (900  to  1500  psig),  the  output  loadlngpres- 
sure  of  the  steam  pressure  transmitter  is  3  to 
27  psig;  for  the  set  steampressureof  1200  psig, 
the  steam  pressure  transmitter  develqps  and 
transmits  a  pneumatic  loading  pressure  of  15 
psig.  In  other  words,  the  loadingpressure  varies 
directly  with  the  applied  steam  pressure  between 
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Figure  11-40.— Control  relationships,  BaUey  combustion  c<mtr<A  system  and 

feed  water  control  system* 
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the  minimum  and  the  maximum  points  of  the 
range. 

The  output  signal  from  each  of  the  steam 
pressure  transmitters  Is  applied  to  the  steam 
pressure  selective  relay  (Clb).  The  selective 
relay  selects  and  transmits  the  higher  of  the 
two  signals  to  the  steam  demand  relay  (C4al). 
This  relay  Is  so  adjusted  that  Its  output  remains 
constant  when  the  steam  presswe  Is  c<xistantat 
1200  pslg. 

While  this  Is  going  on,  steam  flow  from  each 
boUer  Is  being  measured  by  steam  flow  trans- 
mitters (F2).  The  steamflowtransmltters  meas- 
ure the  pressure  dr*op  across  a  restriction  In  the 
steam  Ibie  and  extract  the  square  root  of  this 
pressure  drop.  The  output  loading  pressures 
from  the  steam  flow  transmitters  areprqpor- 
tlcmal  to  the  sqpiare  root  of  the  pressure 
drop— or,  in  other  words,  proportional  to  the 
rate  of  flow.  The  output  loading  pressure  of  a 
steam  flow  transmitter  ranges  trom  3  pslg  to 
27  pslg  as  the  steam  flow  ranges  from  minimum 


to  maximum.  The  loading  pressure  from  each 
of  the  steam  flow  transmitters  Is  ^n^^^  to  the 
steam  flow  selective  relay  (F2b).  The  selective 
relay  then  transmits  the  hldier  of  the  two  load- 
ing pressures  to  the  steam  demand  relay 
(C4al). 

The  output  steam  demand  signal  from  the 
steam  demand  relay  (C4al)  passes  through  the 
boiler  master  selector  valve  (C5a).  The  boUer 
master  selector  valve  has  no  effect  cm  the  signal 
during  automatic  operation.  After  passing 
through  the  boiler  master  selector  valve,  the 
output  loading  pressure  from  the  steam  demand 
relay  Is  applied  to  the  combustlcm  air  Standa- 
trol  (C4b)  and  to  the  fuel  limiting  relay  (CIS). 
A  measured  combustion  air  flow  signal  Is  trans- 
mitted from  the  airflow  transmitter  (C3)  through 
the  excess  air  remote  acUustable  rday  (CO), 
where  the  slgpial  can  be  manually  adjusted  for 
excess  air  reqiilrements  for  low-load  steaming, 
maneuvering,  or  soot  blowing.  The  air  flow 
signal  IjS  then  aiq^led  to  the  combustion  air 
Standatrol  (C4b). 
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LEGEND  FOR  FIGURE  11-41. 
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Figure  11-41.— Schematic  dii 
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Figure  11-41.— Scbematio  diagrams  of  Bailey  combustion  and  feed  water  control  system 
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Chapter  11-BOILEa  FITTINGS  AND  CONTROLS 


Under  steady  boiler  loadSi  the  output  of 
the  coicibiistion  air  Standatrol  is  steady  at  some 
value  which  will  maintain  ^ombustion  air  to  the 
furnace  at  the  rate  reqt^red  to  maintain  the 
superheater  outlet  steam  pii^ssure  at  1200 psig. 
For  each  boiler,  the  combustion  air  demand 
signal  from  C4b  is  applied,  through  a  bias  relay 
(C15a)  and  a  rate  relay  (C15b),  tothetwo  forced 
draft  blower  selector  valves  (CSb). 

The  bias  relay  acts  to  maintahithe  minimum 
air  flow  demand  signal  at  a  value  consistent  with 
minimum  blower  speed  and  damper  position.  The 
rate  relay  acts  In  coniblnatlon  with  the  bias  re- 
lay to  accelerate  any  changes  in  the  Input  steam 
demand  signal  by  providing  an  exaggerated  load- 
ing pressure.  The  rate  relay  may  also  be  ad- 
justed to  decrease  the  effects  of  changes  In  the 
steam  demand  signal.  The  exaggerated  signal 
of  the  rate  relay  Is  slowly  retvorned  to  normal 
through  the  action  of  a  bleed  valve  within  the 
rate  relay. 

Each  blower  selector  valve  (CSb)  transmits 
a  penumatlc  pressure  through  the  S-way  air 
trapping  valves  (C6a  and  C7a)  to  the  blower 
speed  control  drive  (C6)  and  to  the  blower 
damper  control  drive  (C7).  Note  that  the  pneu- 
matic pressure  transmitted  bythe  selector  valve 
is  control  pressure  rather  than  loading  pressure, 
since  It  goes  to  a  control  drive.  The  control 
pressure  causes  the  blower  speed  control  drive 
and  the  blower  damper  control  drive  to  be  posi- 
tioned In  accordance  with  the  demand  for 
combustion  air.  The  blower  selector  valves 
(CSb)  are  provided  with  bias  control  knobs  which 
can  be  used  to  eqiuallze  the  distribution  of  com- 
bustion air  when  both  blowers  are  in  pperatlcm. 

The  S-way  air  triqn>ing  valves  (C6a  andC7a) 
full  tion  to  close  the  forced  draft  blower  dampers 
to  idelr  mechanical  bottom  stops  and  to  reduce 
blower  speed  to  the  minimum  required  for  stable 
combustion,  In  the  event  of  loss  of  control  air 
supply. 

The  ou^ut  from  the  air  flow  transmitter 
(C3)  Is  also  applied  to  the  ftiel  limiting  relay 
(CIS).  The  ou^  of  the  fuel  limiting  relay, 
representing  fuel  demand.  Is  applied  to  the  fuel 
Qow-alr  flow  Standatrol  (C4a2).  In  the  fuel  flow- 
air  flow  Standatrol,  the  signal  from  the  fuel 
limiting  relay  (CIS)  Is  balanced  against  a  signal 
representing  the  amount  of  fuel  burned;  this 
*fuel  burned**  signal  comes  to  the  fuel  flow-alxj 
now  Standatrol  (C4a2)  from  the  fuel  flow  dif- 
ferential relay  (C2c).  The  output  signal  of  the 
fuel  flow-air  flow  Standatrol  (C4a2)  Is  appll^ 
0  the  fuel  control  valve  (C8)  In  the  return  fuel 
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line  from  the  burners.  This  control  pressure 
from  the  Standatrol  C4a2  positions  the  fuel  con- 
trol valve  so  that  the  required  amount  of  fuel  will 
be  burned  In  order  to  maintain  steam  pressure  at 
1200  pslg  at  the  siqperheater  outlet.  Notice  that 
the  amount  of  fuel  burned  Is  controlled  by  limit- 
ing the  return  flow  of  fuel;  the  supply  pressure 
In  the  line  to  the  burners  Is  fixed. 

Thus,  fiur,  we  have  been  conslderlngthe  com- 
bustion control  system  as  It  operates  when  the 
steam  demand  (steam  flow  from  the  boiler)  re- 
mains constant.  Now  let  us  see  what  happens 
when  there  is  an  Increase  In  steam  demand. 
For  simplicity,  the  various  changes  that  occur 
are  presented  as  a  numbered  list.  Remember, 
however,  that  some  changes  may  be  occurring 
at  the  same  time  as  others. 

1.  Steam  flow  Increases,  so  there  is  an 
hicreased  steam  flow  signal  from  the  steam 
flow  transmitters  (F2)  to  the  steam  demand 
relay  (C4al). 

2.  Steam  pressure  drops  below  1200  pslg, 
so  there  is  a  decrease  in  the  steam  pressure 
slgimls  from  the  steam  pressure  transmitters 
(Cla). 

3.  The  steam  demand  relay  (C4al)  Is  con- 
nected so  that  an  increased  signal  from  the 
steam  flow  transmitter  and  a  decreased  signal 
from  the  steam  pressure  transmitter  result  In 
an  increased  output  loading  pressure  from  C4al. 
This  Increased  loading  pressure  from  C4al  goes 
to  the  combustion  air  Standatrol  (C4b)  and  to  the 
fuel  limiting  relay  (CIS). 

4.  The  Increased  loading  pressure  from 
C4al  to  the  combustlcxi  air  Standatrol  (C4b) 
causes  an  increase  In  the  output  loading  pres- 
sure from  the  combustion  air  Standatrol;  the 
ultimate  effect  of  this  Increase  Is  to  Increase 
the  control  pressure  to  the  blower  damper  con- 
trol drives  and  to  the  blower  speed  control 
drives.  The  blowers  speed  up  and  the  dampers 
open  wider.  Actually,  during  this  period  In  which 
the  unbalance  Is  just  beginning  to  be  corrected, 
the  blowers  speed  up  enough  to  allow  atemporary 
"overflrlng"  rate  sothatthe  steam  pressure  can 
quickly  be  restored  to  normal. 

5.  As  the  blowers  begin  to  plckiq;)  speed,  the 
measured  air  flow  signal  from  the  air  flow 
transmitter  (CS)  to  the  combustion  air  Standa- 
trol (C4b)  and  to  the  fuel  limiting  relay  (CIS) 
also  Increases. 

6.  In  the  fuel  limiting  relay,  the  fuel  de- 
mand signal  Is  held  back  to  a  value  which 
corresponds  to  the  value  of  the  measured  air 
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flow  signal.  Even  if  tlie  steam  demand  signal 
from  C4al  is  higtier  than  tlie  measured  air  flow 
signal  from  CS,  the  output  of  CIS  cannot  exceed 
the  air  flow  signal  during  the  period  in  which  the 
firing  rate  is  increasing. 

7.  The  output  signal  ct  the  fuel  limiting  re- 
lay (CIS)  is  applied  to  the  fuel  flow-air  flow 
Standatrcfl  (C4a2).  The  fuel  control  signal-that 
is,  the  output  of  the  fuel  flow-air  flow  Standa- 
trol— begins  to  increase,  thus  closing  the  fuel 
control  valve  and  increasing  the  fuel  supply  to 
the  burners.  Since  the  rate  of  increase  in  fuel 
flow  is  caused  by  steam  demand  but  limited  by 
the  measured  air  flow,  the  system  can  never 
supply  too  much  fuel  to  the  burners  for  the 
amount  of  combustion  air  being  supplied. 

8.  As  the  steam  pressure  at  the  superheater 
outlet  returns  to  the  set  pressure  of  1200  psig, 
the  steam  pressure  transmitter  signal  also 
rises.  Increasing  signals  from  the  steam  pres- 
sure transmitters  result  in  a  decreasing  loading 
pressure  from  the  steam  demand  relay  (C4al) 
and  decreasing  control  signal  from  the  com- 
bustion air  Standatrol  (C4b)  to  the  forced  draft 
blower  and  damper  drives  (C6  and  C7,  respec- 
tively). This  reduces  the  temporary  ''over- 
firing"  rate  previously  mentioned.  When  the 
measured  air  flow  signal  from  the  air  flow 
transmitter  (C3)  reaches  a  value  which  returns 
the  coinbustion  air  Standatrol  to  balance,  the 
output  pressure  ot  C4b  stabUizes  at  a  value 
which  will  maintain  this  air  flow.  The  output 
pressure  ct  the  fuel  flow-air  flow  Standatrol 
(C4a2)  stabilizes  in  a  similar  way  to  maintain 
the  same  rate  ot  fuel  flow  to  the  burners.  At 
this  time,  the  main  line  steam  pressiure  has 
returned  to  1 200  psig  and  the  air  flow  and  ftiel 
flow  are  adjusted  so  as  to  maintain  this  pres- 
sure under  the  new  (and  higher)  steam  demand 
conditions. 

When  there  Is  a  decrease  in  steam  demand, 
the  system  functions  to  slow  down  the  forced 
draft  blowers,  partially  close  the  blower  damp- 
ers, and  open  the  fuel  control  valve  so  that  the 
supply  of  fuel  to  the  burners  will  be  decreased. 
After  seeing  how  the  system  operates  when  the 
steam  demand  is  constant  and  when  the  steam 
demand  is  increasing,  it  should  not  be  too  dif- 
ficult to  trace  the  signals  and  events  that  occur 
when  the  steam  demand  is  decreasing. 

Feed  Water  Control  System.*WhUe  the  com- 
bustion control  system  is  ftmctioning  to  C(mtrol 
ccnnbustion  air  and  fuel,  the  feed  water  system 


is  functioning  to  control  the  amount  of  feed  I 
water  going  to  the  boiler.  ; 

There  are  three  elements  in  the  feed  water  : 
control  system:  steam  flow,  feed  water  flow,  and 
boiler  drum  water  level.  The  feed  water  flow 
transmitter  (Fl)  and  the  steam  flow  transmitter 
(F2)  act  together  to  provide  a  proportioning  i 
control*-tliat  is,  to  provide  a  flow  of  feed  water  ) 
that  is  proportional  to  the  flow  of  steam.  The 
drum  water  level  indicating  transmitter  (F3a) 
introduces  a  secondary  signal  that  continuously 
adjusts  the  position  of  the.  feed  water  flow  con- 
trol valve  (F6a)  in  order  to  maintain  the  de- 
sired water  level  in  the  boiler  steam  drum. 

The  feed  water  flow  transmitter  (Fl)  de- 
velops a  pneumatic  signal  that  is  proportional  ' 
to  feed  water  flow.  This  signal  is  applied, 
through  a  volume  chamber  (Fla),  to  the  steam  • 
flow- water  flow  differential  relay  (F4-1).  The  ' 
other  input  to  relay  F4-1  is  the  output  pressure 
from  the  steam  flow  transmitter  (F2).  The  out- 
put pressure  from  F2  is  applied  to  F4-1  through 
the  transient  conqpensating  relay  (C4a3);  imder  ; 
conditions  of  steady  steam  demand,  the  output  j 
signal  of  C4a3  exactly  duplicates  the  output  \ 
signal  of  the  steam  flow  transmitter  (F2),  but  ! 
when  there  is  a  change  in  steam  demand  the  I 
output  signal  of  C4a3  is  iiot  the  same  as  the  I 
output  signal  of  F2. 

The  output  from  the  steam  flow-water  flow  ' 
ditferential  relay  (F4-1)  is  applied  to  the  feed  ) 
water  Standatrol  (F4-2),  where  it  is  balanced  j 
against  a  signal  from  the  drum  water  level  I 
indicating  transmitter  (F3a).  When  the  two  in-  \ 
puts  to  the  feed  water  Standatrol  (F4-2)  are  at  i 
their  set  point  values,  a  ccxistant  pneumatic  ; 
ou^ut  pressure  is  transmitted  from  the  Standa- 
trol through  the  feed  water  selector  valve  (FS) 
to  the  feed  water  flow  contrcA  valve  (F6a).  A 
spring  adjustment  in  the  feed  water  Standatrol 
(F4-2)  maintains  the  steam  drum  water  level  [ 
at  a  set  height. 

When  steam  demand  increases,  there  is  a  ' 
proportional  increase  in  the  loading  pressure 
ou^ut  of  the  steam  flow  transmitter  (F2)  v;hich  ! 
is  transmitted  to  the  transient  compensating 
relay  (C4a3).  At  the  compensating  relay,  the 
signal  is  temporarily  reversed->that  is,  the  in- 
put signal  representing  an  increase  in  steam 
flow  bec(xnes  an  output  signal  representing  a 
decrease  in  steam  flow.  This  output  signal  from 
C4a3  is  applied  to  the  steam  flow-water  flow 
differential  relay  (F4-1),  which  also  receives 
an   input  signal  from  the  feed  water  flow 
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transmitter  (Fl),  The  difference  in  the  two 
signals  put  into  the  differential  relay  (F4-1) 
causes  a  decreased  output  pressure  to  be 
transmitted  from  the  differential  relay  to  the 
feed  water  Standatrol  (F4-2),  The  feed  water 
Standatrol  therefore  sends  a  decreased  signal 
through  the  feed  water  selector  valve  (F5)  to 
the  feed  water  flow  control  valve;  causing 
the  valve  to  begin  to  close. 

Let  us  examine  this  poiuV  more  closely. 
The  steam  demand  has  increased  but  the  feed 
water  flow  control  valve'Is'H^Ing.  Why?  Be- 
cause it  is  necessary  to  compensate  for  swell— 
the  momentary  increase  in  the  volumo  of  the 
water  that  occurs  when  the  firing  rate  is  in- 
creased. As  swell  occurs,  the  pneumatic  sigiml 
from  the  drum  water  level  indicating  trans- 
mitter (F3a)  increases.  As  a  result,  the  out- 
put pressure  of  the  feed  water  Standatrol  (F4-2) 
begins  decreasing  even  more  rapidly,  closing 
down  on  the  feed  water  flow  ccxitrol  valve  (F6a) 
and  further  restricting  the  flow  of  feed  water 
to  the  boiler. 

As  the  feed  water  flow  djecreases,  there  is 
a  proportional  drop  in  the  pneumatic  pressure 
from  the  feed  water  flow  transmitter.  The  ef- 
fects of  this  pressure  decrease  are  felt  slowly, 
however,  because  of  the  restricting  action  of  the 
bleed  valve  in  volume  chamber  Fla^ 

As  the  steam  drum  water  level  begins  to 
drop,  there  is  a  proportional  decrease  in  the 
pneumatic  pressure  from  the  drum  water  level 
indicating  transmitter  (F3a).  At  the  same  time, 
the  bleed  valve  in  volume  chamber  F2c  is  de- 
creasing the  pneumatic  signal  between  the  steam 
flow  transmitter  (F2)  and  the  transient  compen- 
sating relay  (C4a3)  and  increasing  the  pressure 
in  another  chamber  of  the  compensating  relay. 
The  effect  of  this  bleed  valve  action  is  to  balance 
the  inputs  to  the  two  chambers  of  the  compensa- 
ting relay  so  tlmt  the  compensating  relay  output 
pressure  is  now  equal  to  the  pressure  it  is  re- 
ceiving from  the  steam  flow  transmitter.  In 
other  words,  the  reversing  action  of  the  trans- 
ient compensating  relay  (C4a3)  has  been  stopped, 
and  the  compensating  relay  is  now  transmitting 
a  pneumatic  signal  that  is  exactly  the  same  as  the 
new  (and  hi^er)  steam  flow  signal  it  receives. 

The  increased  loading  pressure  from  the 
transient  compensating  relay  (C4a3),  together 
with  the  decreased  loading  pressure  from  the 
feed  water  flow  transmitter  (Fl),  increases  the 
output  pressure  of  the  steam  flow-water  flow 
differential  relsty  (F4-1).  The  increased  output 
pressure  of  F4-1  reverses  the  action  of  the  feed 


uater  Standatrol  (F4-2)  and  causes  its  ou^ut  ^ 

to  increase,  thus  opening  the  feed  water  flow  i 

control  valve  wider  and  allowing  more  feed  ] 
water  to  flow  to  the  boUer. 

When  the  feed  water  flow  is  equal  to  the 
steam  flow,  and  when  the  steam  drum  water 

level  has  returned  to  nc'  mal,  the  system  : 

stabilizes  and  the  output  of  the  feed  water  ; 

Standatrol  (F4-2)  stays  at  the  higher  value  ; 

which  will  maintain  the  new  and  higher  rate  ; 

of  feed  water  flow. .  ) 

A  simUar  (but  of  course  reversed)  series  ^ 

of  events  occurs  when  there  is  a  decrease  in  | 
steam  demand.  The  first  effect  of  the  de- 

creased  steam  demand  is  a  wider  opening  of  i 

the  feed  water  flow  control  valve  to  compen-  \ 

sate  for  shrink— that  is,  the  decrease  in  the  j 

volume  of  the  boUer  water  that  occurs  when  ] 

the  firing  rate  is  reduced.  The  final  effect  Is  I 

a  smaller  opening  of  the  feed  water,  flow  con-  ; 

trol  valve  and  a  reduced  flow  of  feed  water  to  | 

the  boiler.  \ 

Maintenance  | 

To  ensure  trouble-free  operation  of  the  I 
control  system,  it  is  inq[X)rtant  that  the  sys-  | 
tem  be  properly  maintained  and  calibrated  at  i 
all  times.  Maintenance  and  calibration  should  J 
be  conducted  in  accordance  with  the  Planned  | 
Maintenance  Subsystem  of  the  3-M  System.  I 
An  example  of  maintenance  actions  and  tests  | 
to  be  conducted  on  an  Automatic  Control  Sys-  | 
tem  are  shown  in  figure  11-42.  Particular  | 
emphasis  should  also  be  placed  on  the  use  of  i 
maintenance,  repair,  calibration  procedures  j 
found  in  the  applicable  manufacturer's  technical  | 
manual.  U  each  component  is  kept  in  a  properly  ; 
maintained  and  adjusted  condition,  the  need  for  , 
a  general  overhaul  or  major  recalibration  of  ttie  ' 
control  system  will  be  minimized. 

NOTE:  When  checking  the  adjustments  and 
calibration  of  any  component  of  the  control 
system  the  settings  should  not  be  changed  ex-  ; 
cept  under  the  siqpervision  of  ''QUALIFIED"  i 
maintenance  personnel,  ft  is  also  extremely  \ 
important,  when  making  adjustments  to  the;! 
control  system,  that  the  person  doing  the  work  i 
know  the  effect  adjustments  have  on  the  qp-  ' 
eration  of  the  entire  control  system.  In  other 
words  only  ''QUALIFIED"  personnel  should  be  : 
allowed  to  perform  maintenance,  repair,  and  \ 
calitoation  of  any  automatic  control  system  - 
components. 
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PROPULSION  STEAM  TURBINES 


In  beginning  the  study  of  steam  turbines, 
the  first  point  to  be  noted  is  that  we  have  now 
reached  the  part  of  the  thermodjmamic  cycle 
in  which  the  actual  conversion  of  thermal 
energy  ta  mechanical  energy  takes  place. 

We  know  by  simple  observation  of  pres- 
sures and  temperatures  that  the  steam  leaving 
a  turbine  has  far  less  thermal  energy  than  it 
had  when  it  entered  the  turbine^  By  cbserva  • 
tion,  again,  we  know  that  work  is  performed  as 
the  steam  passes  through  the  turbine,  the  work 
being  evidenced  by  the  turning  of  a  shaft  and 
the  movement  of  the  ship  through  the  water. 
Since  we  know  that  energy  can  be  transformed 
but  can  be  neither  created  nor  destroyed,  the 
decrease  of  thermal  energy  and  the  appearance 
of  work  cannot  be  regarded  as  separate  events. 
Rather,  we  must  infer  that  thermal  energy  has 
been  transformed  into  work— that  is,  mechanical 
energy  in  transition; 

Disregarding  such  irreversible  energy 
losses  as  those  caused  by  friction  and  by  heat 
flow  to  bbjects  outside  the  system,  it  can  be 
shown  that  two  energy  transformations  are  in- 
volved. First,  there  is  the  thermodynamic 
process  by  which  thermal  energy  is  trans- 
formed into  mechanical  kinetic  energy  as  the 
steam  flows  through  one  or  more  nozzles. 
Second,  there  is  the  mechanical  process  by 
which  mechanical  kinetic  energy  is  transformed 
into  work  as  the  steam  impinges  upon  pro- 
jecting blades  of  the  turbine,  thereby  turning 
the  tiurb  ne  rotor. 

In  01  der  to  understand  the  process  by  which 
thermal  energy  is  converted  into  mechanical 
kinetic  energy,  we  must  have  some  understand- 
ing of  the  process  that  tak^^s  place  as  steam 
flows  through  a  nozzle.  The  second  energy 
transformation,  from  kinetic  energy  to  work, 
is  best  understood  by  considering  some  basic 
principles  of  turbine  design. 


STEAM  FLOW  THROUGH  NOZZLES 

The  basic  purpose  of  a  nozzle  is  to  con- 
vert the  thermal  energy  of  the  steam  into 
mechanical  kinetic  energy.  Essentially,  this  is 
accomplished  by  shaping  the  nozzle  in  such  a 
way  as  to  cause  an  increase  in  the  velocity  of 
the  steam  as  it  expands  from  a  high  pressure 
area  to  a  low  pressure  area.  The  nozzle  also 
serves  to  direct  the  steam  so  that  it  will  flow 
in  the  right  direction  to  impinge  upon  the  tur- 
bine blades. 

Within  certain  limitations,  the  velocity  of 
steam  flow  through  any  restricted  channel  such 
as  a  nozzle  depends;  upon  the  difference  be- 
tween the  pressure  at  the  inlet  of  the  nozzle 
and  the  pressure  at  the  region  around  the  out- 
let of  the  nozzle.  Let  us  begin  by  assuming 
equal  pressure  at  inlet  and  outlet.  No  flow 
exists  in  this  static  condition.  Now,  if  we 
maintain  the  pressure  at  the  inlet  side  but 
gradually  reduce  the  pressure  at  the  outlet 
area,  the  steam  will  begin  to  flow  and  its 
velocity  will  increase  as  the  outlet  pressure 
is  reduced.  However,  if  we  continue  to  re- 
duce the  outlet  pressuze,  we  witt  reach  a 
point  at  which  the  velocity  of  steam  is  equal 
to  the  velocity  of  sound  in  steam.  At  this 
point,  a  further  reduction  in  pressure  at  the 
outlet  region  will  not  produce  any  further  in- 
crease in  velocity  at  the  entrance  to  the  noz- 
zle, nor  will  it  produce  any  further  increase 
in  the  rate  of  steam  flow. 

THe  ratio  of  outlet  pressure  to  inlet  pres- 
sure at  which  the  acoustic  velocity  (also  called 
the  critical  flow)  is  reached  Is  known  as  the 
acoustic  pressure  rktio  or  the  critical  pres- 
sure ratig  This  ratio  is  about  0.55  for  super- 
heated  steam.  In  other  words,  the  velocity  of 
flow  through  nozzles  is  a  Amction  of  the  pres- 
sure differential  across  the  nozzle,  and  steam 
velocity  will  increase  as  the  outlet  pressure 
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decreases  (in  relation  to  the  inlet  pressure). 
However,  no  further  increase  in  steam  ve- 
locity  will  occur  when  the  outlet  pressure 
is  reduced  below  55  percent  ct  the  inlet  pres- 
sure. 

When  the  pressure  at  the  outlet  area  of 
a  nozzle  is  designed  to  be  higher  than  the 
critical  pressure,  a  sinqple  convergent  (para- 
llel-wall) nozzle  may  be  used.  In  this  type  of 
nozzle,  shown  in  figure  12-1,  the  cross-sectional 
area  at  the  outlet  is  the  same  as  the  cross- 
sectional  area  at  the  throat.  This  type  of  nozzle 
is  often  referred  to  as  a  noneqpanding  nozzle 
because  no  eq[>an8ion  of  steam  takes  place 
beyond  the  throat  of  the  nozzle. 


INLET 
REGION 


OUTLET 
REGION 


THROAT 


147.90 

Figure  12-1.— Sinqfle  convergent  nozzle. 

When  the  pressure  at  the  outlet  area  of  a 
nozzle  is  designed  to  be  lower  than  the  critical 
pressure,  a  convergent-divergent  nozzle  is  used 
to  control  tlie  turbulence  that  occurs  when 
steam  e^q^ansion  takes  place  below  the  critical 
pressure  ratio.  In  this  type  of  nozzle,  shown 
in  figure  12-2,  the  cross-sectional  area  of  the 
nozzle  gradually  increases  from  throat  to  out- 
let. The  critical  pressure  is  reached  in  the 
throat  of  the  nozzle,  but  the  gradual  e3q;>ansion 
from  throat  to  outlet  allows  the  steam  to  emerge 
finally  in  a  steady  stream  or  jet.  Because 
ejqpansion  takes  place  from  the  throat  to  the 
outlet,  this  type  of  nozzle  is  often  called  an 
e3q)anding  nozzle. 

The  decrease  in  thermal  energy  at  the 
steam  passing  through  a  nozzle  must  equal 
the  increase  in  kinetic  energy  (disregardhig 
irreversible  losses).  The  decrease  in  thermal 
energy  may  be  esqpressed  in  terms  of  enthalpy 
as 

hj  -  h2 

where 

h|  »  enthalpy  of  the  entering  steam,  in  BTU 
per  pound 

h2  =  enthalpy  of  the  steam  leaving  the  nozzle, 
in  BTU  per  pound 


INLET 
REGION 


OUTLET 
REGION 


147.91 

Figure  12-2.— Convergent-divergent  nozzle. 

The  kinetic  energy  of  the  steam  Jet  leaving 
the  nozzle  may  be  determined  by  using  the 
equation  for  mechanical  kinetic  energy: 


2g 


where 

KE  =  mechanical  kinetic  energy,  in  foot- 
pounds 

W  =  weight  of  the  flowing  substance,  in 

pounds  per  second 
V  =  velocity,  in  feet  per  second 
g  s  acceleration  due  to  gravity  (32.2  feet 

per  second) 

Since  we  have  taken  the  enthalpy  per  pound 
of  the  entering  and  departing  steam,  let  us  as- 
sume  1  pound  of  steam  per  second  flowing  from 
the  nozzle.  The  kloetic  energy  of  this  pound  of 
steam  will  then  be  esqpressed 


KE  = 


2g 


where  V2  is  the  velocity,  in  feet  per  second, 
of  the  steam  leaving  the  nozzle.  We  may  now 
equate  theexpressionfor  the  decrease  inthermal 
energy  and  the  e^qpression  for  the  increase  in 
kinetic  energy.  Thus, 


JL2 
64.4 


=  (hi  -  h2)  (778)  ft-lb 


Since  1  BTU  is  equal  to  778  foot-pounds, 
we  have  multiplied  the  esqpression  for  the  de- 
crease in  thermal  energy  by  778.  This  puts 
both  sides  of  the  equation  In  terms  of  foot- 
pounds. 

The  kinetic  energy  of  the  steam  leaving  the 
nozzle  is  directly  proportional  to  the  square  of 
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the  velocity.  By  causing  an  increase  invelocity, 
therefore,  the  nozzle  causes  an  increase  in  the 
kinetic  energy  of  the  steam.  Thus  it  is  dear 
that  our  last  equation  has  actually  described 
the  purpose  of  a  nozzle  by  equatingthe  decrease 
in  thermal  energy  with  the  increase  in  kinetic 
energy* 

BASIC  PRINCIPLES  OF  TURBINE  DESIGN 

In  essence,  a  turbine  may  be  thought  of  as 
a  bladed  wheel  or  rotor  that  turns  when  a  jet 
of  steam  from  the  nozzles  impinges  upon  the 
blades*  The  basic  parts  of  a  turbine  are  the 
rotor,  which  has  blades  projecting  radially 
from  its  periphery;  a  casing,  in  which  the 
rotor  revolves;  and  nozzlesr  through  which 
the  steam  is  expanded  and  directed.  As  we 
have  seen,  the  conversion  of  thermal  energy 
to  mechanical  kinetic  energy  occurs  in  the 
nozzles.  The  second  energy  conversion^that 
is,  the  conversion  of  kinetic  energy  to  work» 
occurs  on  the  blades. 

The  basic  distinction  to  be  made  between 
types  of  turbines  has  to  do  with  the  manner  in 
which  the  stesmi  causes  the  turbine  rotor  to 
move.  When  the  rotor  is  moved  by  a  direct 
push  or  ^'impulse''  from  the  steam  impinging 
upon  the  blades,  the  turbine  is  said  to  be  an 
Impulse  turbine.  When  the  rotor  is  moved  by  the 
rorce  of  reaction,  the  turbine  is  said  to  be  a 
reaction  turbine. 

Although  the  distinction  between  impulse 
turbines  and  reaction  turbines  in  a  useful  one, 
and  one  which  is  followed  in  this  text,  it  should 
not  be  considered  as  an  absolute  distbiction  in 
real  turbines*  An  inqpulse  turbine  utilizes  both 
the  impulse  of  the  steam  jet  and,  to  a  lesser 
extent,  the  reactive  force  that  results  when  the 
curved  blades  cause  the  steam  to  change  di- 
rection. A  reaction  turbine  is  moved  primarily 
by  reactive  force,  but  some  motion  of  the  rotor 
is  caused  by  the  impact  of  the  steam  against 
the  blades* 

Theory  of  Impulse  Turbines 

In  discussing  the  manner  in  which  kinetic 
energy  is  converted  to  work  on  the  turbine 
blades,  it  is  necessary  to  consider  both  the 
absolute  velocity  of  the  steam  and  the  relative 
velocity  of  the  steam— that  is,  its  velocity 
relative  to  the  moving  blades.  The  following 
symbols  will  be  used  in  the  remainder  of  this 
discussioi: 


Vl  »  absolute  velocity  of  steam  at  blade 
entrance 

V2  =  absolute  velocity  of  steam  at  blade 
exit 

Rj  =  relative  velocity  of  steam  at  blade 
entrance 

Ro  -  relative  velocity  of  steam  at  blade 
exit 

Vb  =  peripheral  velocity  of  blade 

Let  us  consider,  first,  a  theoretical  elemen- 
tary impulse  turbine  such  as  the  one  shown  in 
figure  12-3.  The  blades  of  this  imaginary  tur- 
bine are  merely  flat  vanes  or  plates.  As  the 
steam  jet  flows  from  the  nozzle  and  impinges 
upon  the  vanes,  the  rotor  is  moved. 

Assuming  that  there  is  no  friction  as  the 
steam  flows  across  the  blade,  Rl  must  be 
equal  to  -  Vb  and  R2  must  also  be  equal 
to  Vl  -  Vbi  since  theoretically  there  is  no 
change  in  velocity  as  the  steam  flows,  across 
the  blade. 

R  will  be  apparent  that,  in  order  to  convert 
all  of  the  kinetic  energy  into  work,  it  would  be 
necessary  to  design  a  blade  from  which  the 
steam  would  exit  with  zero  absolute  veolcity. 
This  blade  would  be  curved  in  the  manner 
shown  in  figure  12-4,  and  the  jet  of  steam  would 
enter  the  blade  tangentially  rather  than  at  an 
an^e.  As  we  shall  see,  the  shape  at  this  blade 
very  closely  approximates  the  shape  of  the 
blades  used  in  actual  impulse  turbines;  in  a 
real  turbine,  however,  the  steam  enters  the 
blade  at  an  angle,  rather  than  tangentially. 

When  this  curved  blade  is  used,  the  di- 
rection of  the  steam  is  exactly  reversed.  The 
relative  '  velocity  of  the  steam  at  the  blade 
entrance,  Ri,  is  again  Vi  -  Vb  and  R2  is 
again  Vi  .  Vb.  Since  the  direction  of  flow  is 
reversed,  however,  absolute  velocity  of  the 
steam  at  blade  exit  is  now 

72  =  (Vl  -  Vb)  -  Vb 
=  Vi-2Vb 

As  previously  noted,  the  absolute  velocity 
of  the  departing  steam  (V2)  should  ideally  be 
zero.  Therefore,  by  transposition  of  the  above 
equatim, 

Vl  =  2Vb 
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In  other  words,  maximum  work  is  obtained 
from  a  reversing  blade  when  the  blade  velocity 
is  exactly  one-half  the  ab8<dute  velocity  of  the 
steam  at  the  blade  entrance.^  The  maximum 
amount  of  work  obtainable  from  a  reversing 
blade  is  twice  the  amount  obtainable  from  the 
flat  vane  shown  in  figure  12-3. 

In  actual  turbines,  it  is  not  feasible  to 
utilize  the  conq>lete  reversal  of  steam  In  the 
blades,  since  to  do  so  would  require  that  the 
nozzle  be  placed  In  a  position  that  would  also 
be  swept  by  the  blades^an  obvious  impos- 
sibility. Furthermore,  If  the  steam  entered 
the  blade  tangentially  it  would  not  be  carried 
through  the  turbine  axially  (longltudhially).  How- 
ever, it  is  only  the  tangential  component  of  the 
steam  veloclEylhat  produces  work  on  the  tur- 
bine blades;  hence  the  nozzle  angle  is  made  as 
small  as  possible. 

As  we  know,  the  work  done  on  the  blade  must 
equal  the  total  energy  entering  minus  the  total 
energy  leaving.  The  velocity  diagram  for  an 
impulse  turbine  shown  in  figure  12-5  provides 
a  way  of  determining  the  woik  done  on  the 
blade  hi  terms  of  the  various  velocities  and 
angles.   

The  tangential  cbmponent  (which  is  the  only 
component  that  produces  work)  of  the  velocity 
of  the  entering  steam  is 

cos  a 

which  is  also  equal  to 

Vb  +  Ri  cos  b 

The  tangential  component  of  the  velocity  of 
the  departing  steam  is 

V2  cos  c 

which  is  also  equal  to 

-  R2  cos  d 

Since  entering  and  leaving  velocities  are 
opposed  to  each  other  If  V2  cos  c  is  In  the  same 
direction  as  cos  a,  and  supplementary  to 
each  oiher  if  V2  cos  c  is  in  the  opposite  direction 

^This  statement  assumes*  of  course*  that  the  nozzle 
is  tangential  to  the  blades.  In  actual  impulse  turbines, 
the  maximum  amount  of  work  is  done  when  the  blade 
speed  is  one -half  the  oosine  of  the  nozzle  angle  times 
the  absolute  velocity  of  the  entering  steam. 


from  Vi  cos  a,  the  resultant  velocity  may  be 
ejqpressed  as 

Vj^  cos  a  -  V2  cos  c 
or,  alternatively,  as 

Rjcosb-f  R2  cosd 

Assuming  a  steam  flow  of  W  pounds  per 
second, 

W 

—  -  mass  per  second 

and 

1^  V  =  force 

Therefore,  the  force  on  the  blade  is 
W 

Fj^  =  Y  (^1      b  +  R2  COS  d)  pounds 

= (Vj  cos  a  -  V2  cos  c)  pounds 

Work  is  force  through  distance.  There- 
fore, the  rate  of  doing  work  on  the  blade  is 

Wkb  =  Fb Vb 

-  |?(Rl      b+R2  COS  d)  V^foot-pounds 
^per  second 

=  -fiVi  COS  a  -  V2  cos  c)  Vjj  foot- 
pounds per  second 
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Figure  12-3.— Elementary  impulse  turbine. 
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The  rate  of  doing  work  on  the  blade  may 
also  be  derived  from  consideration  of  the 
thermal  energy  and  kinetic  energy  entering 
the  system  and  leaving  the  system.  Although 
the  actual  derivations  are  not  given  here,  it 
may  be  of  interest  to  note  the  relationships 
expreaaed  in  the  following  equations: 

2  2 
W(Vi  -  Va) 

Wk^=W(hi  -  h2)+  50,000 
Btu  per  sticond 

and 

■  MRg  ■  Hi)  ^  Ri  w(v^  -  vi) 

^  53,000 


Btu  per  second 


The  pressure  and  velocity  changes  that  oc- 
cur in  the  nosBzle  and  in  the  blades  of  an  impulse 
turbine  are  shown  hi  figure  12-6.  As  may  be 
seen,  the  pressure  is  the  same  at  the  entrance 
and  at  the  exit  of  the  blade;  the  only  pressure 
drop  occurs  hi  the  nosszle.  Figure  12-7  shows 
a  section  of  an  impulse  turbhie  rotor,  with  the 
blades  in  place. 

Theory  of  Reaction  TurbUies 

Reaction  turbUies,  as  their  name  implies, 
are  moved  by.  reactive  force  rather  than  by  a 
direct  push  or  impulse.  Althou^  we  com- 
monly think  of  reactive  force  as  havhdg  been 
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Figure  12-4.— Curved  impulse  blade. 


^'discovered"  by  Newton,  it  is  hiteresting  to 
note  that  the  first  reaction  turbhie-and,  in- 
deed, perhq>s  the  first  steam  enghie  of  any 
kind  ever  made— was  developed  by  the  Greek 
mathematician  Hero  about  2000  years  ago. 
This  turbhie,  shown  Ui  figure  12-8,  consisted 
of  a  hollow  sphere  which  carried  four  bent 
nozzles.  The  sphere  was  tree  to  rotate  on  the 
tubes  that  carried  steam  from  the  boiler,  be- 
low, to  the  sphere.  As  the  steam  flowed  out 
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Figure  12-5.*Velocity  diagram  for  impulse 
blading. 

through  the  nozzles,  the  sphere  rotated  rapidly 
hi  a  direction  opposite  to  the  direction  of  steam 
flow. 

Reaction  turbhies  used  hi  modern  times 
utUize  the  reactive  force  of  the  steam  hi  q^lte 
a  different  way.  In  a  modem  reaction  turbine, 
there  are  no  nozzles  as  such.  Instead,  the  blades 
that  project  radially  from  the  perijAiery  of  the 
rotor  are  formed  and  mounted  hi  such  a  way 
that  the  spaces  between  the  bladed  have,  hi  cross 
section,  the  shapn    of  nozzles.2  Shice  these 


The  distinotion  between  actual  nossles  and  the  blading 
v/hith  serves  the  purpose  of  nossles  in  reaction  tur- 
bines is  mechanical  rather  than  fiinctional.  The  pre- 
vious discussion  of  steam  flow  through  nossles  im- 
plies equaUy  well  to  steam  flow  throuj^  the 
nossle-shaped  spaces  between  the  blades  of  reaction 
turbines. 
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blades  are  mounted  on  the  revolving  rotor, 
they  are  called  moving  blades. 

Fixed  or  stationary  mades  of  the  same  shape 
as  the  moving  blades  are  fastened  to  the  casing 
in  which  the  rotor  revolves;  these  fixed  blades 
are  installed  between  successive  rows  of  the 
moving  blades.  The  fixed  blades  guide  the 
steam  into  the  moving  blade  system  and,  since 
they  are  also  shaped  and  mounted  hi  such  a 
way  as  to  provide  nozzle-shaped  spaces  be- 
tween the  blades,  the  fixed  blades  also  act  as 
nozzles.  The  general  arrangement  ot  the  fixed 
and  moving  blades,  together  with  the  pressure 
and  absolute  velocity  relationships  in  a  reaction 
turbine,  are  shown  in  figure  12-9.  Figure  12-10 
shows  a  section  ct  a  reaction  turbine  rotor  with 
one  row  of  moving  blades  and  one  row  of  fixed 
blades. 

A  reaction  turbine  is  moved  by  three  main 
forces:  (1)  the  reactive  force  produced  on  the 
moving  blades  as  the  steam  increases  in  veloc- 
ity as  it  expands  through  the  nozzle- shaped 
spaces  between  the  blades;  (2)  the  reactive 
force  produced  on  the  moving  blades  when  the 
steam  changes  direction;  and  (3)  the  push  or 
''impulse"  of  the  steam  impinging  upon  the 
blades.  Thus,  as  previously  noted,  a  reaction 
turbine  is  moved  primarily  by  reactive  force 
but  also  to  some  extent  by  direct  impulse. 

From  what  we  have  already  learned  about 
the  function  of  nozzles,  it  will  be  apparent  that 
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Figure  12-6.~Nbzzle  position  and  pressure- 
velocity  relationships  in  an  impulse  turbine. 


thermal  energy  is  converted  into  mechanical 
Mnetic  energy  in  the  blading  of  a  reaction 
turbine.  The  second  required  energy  transfor- 
matlon--that  is,  from  kinetic  energy  to  work- 
also  occurs  in  the  blading.  A  velocity  diagram 
such  as  was  used  to  analyze  the  work  done  on 
impulse  blading  may  be  similarly  used  to  analyze 
the  work  done  on  reaction  blading;  however,  the 
angles  and  velocities  are  different  in  the  two 
types  of  blading. 

Since  the  velocity  of  the  steam  is  increased 
in  the  esqpansion  through  the  moving  blades,  the 
initial  velocity  of  the  entering  steam  (Vi)  must 
be  lower  in  a  reaction  turbine  than  it  would  be 
hi  an' impulse  turbine  with  the  same  blade  speed 
(Vb);  or,  alternatively,  the  reaction  turbine  must 
run  at  a  higher  speed  than  a  comparable  im- 
pulse turbine  in  order  to  q[>erate  at  approxi- 
mately the  same  efficiency. 

TURBINE  CLASSIFICATION 

As  we  have  seen,  turbhies  are  divided  hito 
two  general  groups  or  classes— impulse  turbines 
and  reaction  turbines->according  to  the  way  in 
which  the  steam  causes  the  rotor  to  move. 
Turbines  may  be  further  classified  according 
to  (1)  the  manner  of  staging  and  compounding, 
and  (2)  the  mode  ot  steam  flow  through  the 
turbine. 

Staging  and  Compounding 

Thus  far  in  this  chapter,  we  have  more  or 
less  assumed  that  an  impulse  turbine  had  one 
set  of  nozzles  and  one  row  of  blading  on  the 
rotor,  and  that  a  reaction  turbine  had  one  row 
of  fixed  blades  and  one  row  of  idovlng  blades. 
In  reality,  however,  propulsion  steam  turbines 
are  not  this  simple.  Instead,  they  use  several 
rpws  of  blading,  arranged  in  various  ways. 

R  has  been  shown  that  the  amount  of  ther- 
mal energy  which  can  be  utilized  In  a  turbine 
depends  upon  the  relationship  between  the  veloc- 
ity of  the  entering  steam  (Vi)  and  the  blade 
speed  (Vb).  It  might  seem  reasonable,  there- 
fore, to  think  that  the  work  output  of  the  tur- 
bine could  only  be  increased  by  increasing 
Vi  and  Vb  in  the  proper  ratio.  However, 
mechanical  considerations  and  problems  con- 
cenring  strength  of  materials  Impose  certahi 
limits  on  blade  speed.  In  modem  naval  ships, 
the  amount  of  available  energy  per  pound  of 
steam  is  so  great  that  there  is  no  practicable 
way  of  utUizhig  the  major  portion  of  it  in  one 
row  of  blades.  When  several  rows  of  blades  are 
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Figure  12-7.^Section     impulse  turbine  rotor 
(with  blades). 

used,  the  steam  passes  through  one  row  after 
another,  and  each  row  uses  part  of  the  energy 
of  the  steam. 

IMPULSE  STAGE.->In  an  impulse  turbine,  a 
stage  is  defined  as  on6  set  of  nozzles  and  the 
succeeding  row  or  rows  of  moving  and  fixed 
blades.  Since  the  only  place  a  pressure  drop 
occurs  in  an  impulse  turbine  is  in  the  nozzles, 
another  way  of  defining  an  impulse  stage  is  to 
say  that  it  includes  the  nozzles  and  blading  in 
which  only  one  pressure  drop  takes  place.  A 
simple  inqpulse  stage  is  often  called  a  Rateau 
stage.  Turbines  consisting  of  a  single  Rateau 
stage  (fig.  12-11)  are  not  used  as  propulsion 
turbines  but  are  fre<iuently  used  to  drive  small 
auxiliary  units. 

REACTION  STAGE.->In  reaction  turbines, 
one  row  of  fixed  blades  and  its  succeeding  row 
of  moving  blades  are  taken  as  constituting  one 
stage.  Since  the  fixed  blades  in  a  reaction 
turbine  are  comparable  to  the  nozzles  in  an 
Impulse  turbine,  this  definition  of  a  reaction 
staige  may  seem  very  similar  to  the  definition 
of  an  impulse  staige.  However,  there  is  this 
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Figure  l:s-8.->Hero's  steam  turbine. 


important  difference:  a  reaction  stage  includes 
two  pressure  drops,  whereas  an  impulse  stage 
ini^udes  only  one. 

VELOCITY-COMPOUNDED  IMPULSE  TUR- 
BINE.—Qne  way  of  increasing  the  efficiency  of 
an  impulse  turbine  Is  by  velocity-compounding— 
that  is,  by  adding  one  or  more  rows  of  moving 
blades  to  the  rotor.3  Figure  12-12  shows 
an  impulse  turbine  that  has  two  rows  of  moving 
blades  on  the  rotor.  This  type  of  turbine  is 
called  velocity-compounded  because  the  residual 
velocity  of  the  steam  leaving  the  first  row  of 
moving  blades  is  utilized  in  tbfi  second  row  of 
moving  blades.  If  a  third  row  Is  added,  the 
velocity  of  the  steam  leaving  the  second  row 
is  utilized  in  the  third  row.  The  fixed  blades. 


Velooity-oompounding  can  also  be  achieved  whenonly 
one  row  of  ihoving  blades  is  used,  provided  the  steam 
is  directed  in  sudh  a  way  that  it  passes  throu|^  the 
blades  more  than  onoe«  This  point  is  discussed  in 
more  detail  in  chaster  16  of  this  text,  in  oonneotion 
with  helioal-flow  auxiliary  turbines. 
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Figure  12-9. --Arrangement  of  fixed  and  moving 
blades  and  pressure-velocity  relationships  in 
a  reaction  turbine. 

vAiich  are  fastened  to  the  casing  rather  than 
to  the  rotor,  serve  to  direct  the  steam  from 
one  row  of  moving  blades  to  another. 

As  may  be  seen  in  figure  12-12,  the  velocity- 
compounded  impulse  tuibine  has  only  one  pres- 
sure drqp  and  therefore,  by  definition,  only 
one  stage.  This  type  of  velocity-compounded 
impulse  stage  is  iisually  called  a  Curtis  stage. 

PRESSURE-COMPOUNDED  IMPULSE  TUR- 
BINE.-Another  iway  to  increase  the  efficiency 
of  an  impulse  turbine  is  to  arrange  two  or  more 
simple  impulse  stages  in  one  casing.  The  casing 
is  internally  divided  by  nozzle  diaphragms.  The 
steam  leaving  the  first  stage  is  expsmded  again 
through  the  first  nozzle  diaphragm,  to  the  sec- 
ond stage;  from  the  second  nozzle  diaphragm, 
to  the  third  stage;  and  so  on.  This  type  of  tur- 
bine is  known  as  a  pressure- compounded  tur- 
bine because  a  pressure  drop  occurs  in  each 
stage.  Figure  12-13  shows  a  pressure-com- 
pounded impulse  turbine  with  four  stages.  A 
pressure- compounded  impulse  turbine  is  fre- 
quently called  a  Rateau  turbine,  .since  it  is  es- 
sentially a  series  of  simple  impulse  (Rateau) 
stages  arranged  in  sequence  in  one  casing. 

PRESSURE- VELOCITY-COMPOUNDED  IM- 
PULSE TURBINE  .<-An  impulse  turbine  which 
consists  of  one  velocity-compounded  (Curtis) 
stage  followed   by  a  series  of  pressure- 
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Figure  12-10.— Section  of  reaction  turbine  rotor, 
showing  fixed  and  moving  blades. 

compounded  (Rateau)  stages  is  generally  re- 
ferred to  as  a  pressure-velocity-compounded 
impulse  turbine.  Turbines  of  this  type  are 
commonly  used  in  the  propulsion  plants  of 
naval  ships. 

PRESSURE  -  COMPOUNDED  REACTION 
TURBINE.-Because  the  ideal  blade  speed  in  a 
reaction  turbine  is  so  high  in  relation  to  the 
velocity  of  the  entering  steam  (Vj),  all  reaction 
turbines  arepressure-compounded— that  is,  they 
are  so  arranged  that  the  pressure  drop  from 
inlet  to  exhaust  is  divided  into  many  steps  by 
means  of  alternate  rows  of  fixed  and  moving 
blades.  The  pressure  drop  in  each  set  of 
fixed  and  moving  blades  (i.e.,  in  each  stage)  is 
therefore  small,  thus  causing  a  lowered  steam 
velocity  in  all  stages  and  ccmsequently  a  lowered 
ideal  blade  velocity  for  the  turbine  as  a  whole. 

COMBINATION  IMPULSE  AND  REACTION 
TURBINE. -**A  combination  impulse  and  reaction 
turbine  employs  a  velocity-compounded  impulse 
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(Curtis)  stage  at  the  high  pressure  end  of  the 
turbinei  followed  by  impulse  staging  and  then 
by  reaction  blading.  The  impulse  blading  effects 
large  pressure  and  temperature  drops  in  the 
beginning!  with  a  high  initial  utilization  of 
thermal  energy.  The  reaction  blading  is  more 
efficient  at  the  low  pressure  end  of  the  turbine. 
Hence  the  combination  impulse  and  reaction 
turbine  is  a  highly  efficient  machine  that  utilizes 
the  advantages  of  both  Inqpulse  and  reaction 
blading.  Combination  impulse  and  reaction  tur- 
bines are  very  commonly  used  as  propulsion 
turbines. 


Mode  of  Steam  Flow 


Turbines  may  be  further  classified  accord- 
ing to  the  manner  in  which  steam  flows  through 
the  turbhie.  The  three  aspects  of  steam  flow 
considered  here  are  (1)  the  direction  of  flow, 
(2)  the  repetition  of  ttowi  and  (3)  the  division  of 
flow, 

DIRECTION  OF  STEAM  FLOW.-The  di- 
rection of  steam  flow  through  a  turbine  may  be 
axial,  radiali  or  helical.  Jn  general,  the  direc- 
tion of  flow  is  determined  by  the  relative  posi- 
tions of  nozzles,  diaphragms,  moving  blades, 
and  fixed  blades. 

Most  turbines  are  of  the  axial  flow  type—that 
is,  the  steam  flows  in  a  direction  approximately 
parallel  to  the  long  axis  of  the  turbine  shaft. 
As  we  have  seen,  the  blades  in  an  axial -flow 
turbine  project  outward  from  the  periphery  of 
the  rotor. 

In  a  radial-flow  turbine,  the  blades  are 
mounted  on  the  side  of  the  rotor  near  the 
periphery.  The  steam  enters  in  such  a  way 
that  it  flows  radially  toward  the  long  axis  of 
the  shaft.  Radial  flow  is  not  used  for  propul- 
sion turbines,  but  is  used  for  some  auxiliary 
I  turbines. 

i      In  a  helical-flow  turbine,  the  steam  enters 
I  at  a  tangent  to  the  periphery  of  the  rotor  and 
I  impinges  iipon  the  moving  blades.  The  blades 
;  are  shaped  in  such  a  way  that  the  direction  of 
steam,  flow  is  reversed  in  each  blade.  Helical 
flow  is  not  used  for  propulsion  turbines,  but  is 
used  for  some  auxiliary  turbines. 

REPETITION  OF  STEAM  FLOW.-Turl)Uies 
are  classified  as  single-entry  turbines  or  re- 
entry turbines,  depending  on  the  number  of 
times  the  steam  enters  the  blades.  If  the  steam 
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Figure  12-11.— Simp^^  impulse  turbine 
(Rateau  ^tage). 

passes  through  the  blades  only  once,  the  turbine 
is  called  a  single-entry  turbine.  All  multistage 
turbines  are  of  the  singtle-entry  type. 

Re-entry  turbines  are  those  in  which  the 
steam  passes  more  than  once  through  the  blades. 
Re-entry  turbines  are  used  to  drive  some  pumps 
and  forced  draft  blowers,  but  are  not  used  as 
propulsion  units* 

DIVISION  OF  STEAM  FLOW. -Turbines  are 
classified  as  single-flow  or  double-flow,  depend- 
ing upon  whether  the  steam  flows  in  one  direc- 
tion or  two.  In  a  single-flow  turbiAe,  the  steam 
enters  at  the  inlet  or  throttle  end,  uoyta  once 
through  the  blading  in  a  more  or  less  axial 
direction,  and  emerges  at  the  exhaust  end  of 
the  turbine.  A  double-flow  turbine  consists 
essentially  of  two  single-flow  units  mounted  on 
one  shaft,  in  the  same  casing.  The  steam  enters 
at  the  center,  between  the  two  units,  and  flows 
from  the  center  toward  each  end  of  the  shaft. 
The  main  advantages  of  the  double-flow  arrange- 
ment are  (1)  the  blades  can  be  shorter  than 
they  would  have  to  be  in  a  single-flow  turbine 
of  equal  capacity,  and  (2)  axial  thrust  is  avoided 
by  having  the  steam  flow  in  opposite  directions. 
This  second  point  qn>lies  primarily  to  reaction 
turbines,  since  impulse  tiirbines  develop  rela- 
tively little  axial  thrust  in  any  case. 

The  turbines  shown  in  figures  12-11,  12-12, 
and  12-13  are  slngfle-flow  turbines.  A  doulfle- 
flow  reaction  turbine  of  the  type  used  as  the  low 
pressure  turbine  In  some  propulsion  plants  Is 
shown  \n  figure  12-14. 
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Figure  12-12.-* Velocity-compounded  Impulse 
turbine  (one  Curtis  stage). 

TURBINE  COMPONENTS 
AND  ACCESSORIES 

Propulsion  turbine  components  and  acces- 
sories include  foundations,  casings,  nozzles  (or 
the  equivalent  stationary  blading),  nozzle  dia- 
phragms, rotors,  blades,  bearings,  shaft  gtlands, 
gland  seals,  oil  seal  rings,  dummy  pistons  and 
cylinders  (on  some  reaction  turbines),  flexible 
cottplings,  reducti<m  gears,  lubrication  sjrstems, 
and  turning  gears. 

Turbine  Foundatlona 

Foundations  for  propulsion  turbines  are  built 
up  from  strength  members  oi!  the  hull  so  as  to 
provide  a  rigid  supporting  bacie.  The  after  end 
of  the  turbine  is  secured  rlgLfly  to  the  struc- 
tural foundation.  The  forward  end  of  the  turbine 
is  secwed  in  such  a  ivay  as  to  allow  a  slight 
freedom  of  axial  movement  which  allows  the 
turbine  to  expand  and  contract  slightly  with 
temperature  changes. 

The  freedom  of  movement  at  the  forward 
end  is  acconq[)llshed  by  one  of  the  two  methods. 
Elongated  bolt  holes  or  grooved  sliding  seats 
may  be  used  to  permit  the  forward  end  to  slide, 
slightly  fore-and-aft,  as  eaq;>anslons  and  con- 
traction occur.  Or  the  forward  end  may  be 
secured  to  a  deep  flexible  I-beam  (fig.  12-15) 
Installed  with  Its  longitudinal  axis  lying  athwart- 
shlp.  When  the  turbine  is  cold,  this  I-beam  Is 
deflected  slightly  aft  from  the  vertical  position. 
When  the  turbine  Is  (qperating  at  maximum 
power,  the  I-beam  Is  deflected  forward.  This 


arrangement  results  in  minimum  stresses  in 
the  I-beam  over  the  complete  range  of  turbine 
esqpanslon.  The  fixed  end  of  the  turbine  is  aft, 
so  the  motion  resulting  from  esqpanslon  cannot 
be  transmitted  to  the  reduction  gears,  where 
distortion  and  serious  damage  would  occur  if 
the  after  end  of  the  turbine  were  free  to  move. 

Steam  lines  connected  to  the  turbines  are 
curved,  as  shown  in  figure  12-15,  to  allow  for 
expansion  of  the  steam  line  ard  avoid  un- 
acceptable strains  on  turbine  casings  that  could 
cause  distorticm  or  misalignment. 

Turbine  Casings 

Casings  for  propulsion  turbines  are  divided 
horizontally  to  permit  access  for  inspection  and 
repair.  Flanged  Joints  on  casings  are  accurately 
machined  to  make  a  steamtight  metal-to-metal 
fit,  and  the  flanges  are  bolted  together.  Some 
high  pressure  turbine  casings  are  also  split 
vertically  to  facilitate  maniifacture,  particularly 
when  different  alloys  are  used  for  the  high 
tenqperature  iiilet  end  and  the  lower  tenqperature 
exhaust  end.  However,  ihcse  vertical  Joints  are 
never  unbolted  and  they  are  usually  seal  welded. 

Each  casing  has  a  steam  chest  to  receive  the 
incoming  steam  and  deliver  it  to  the  first-stage 
nozzles  or  blades.  An  exhaust  chamber  receives 
the  steam  from  the  last  row  of  moving  blades 
and  delivers  it  to  the  exhaust  connection.  Open- 
ings. In  the  casing  include  drain  connections, 
steiam  bypass  connections,  and  openings  for 
pressure  gages,  thermometers,  and  relief 
valves. 

Nozzles 

As  previously  discussed,  the  fimction  of  a 
nozzle  is  to  convert  the  thermal  energy  of  the 
steam  into  mechanical  kinetic  energy.  Its  sec- 
ondary fimction  is  to  direct  the  steam  to  the 
turbine  blades.  Some  turbines  have  a  full  arc  . 
admissicm  of  steam;  in  this  case,  the  first 
stage  nozzles  extend  around  the  entire  circle 
of  the  first  row  of  blades.  Other  turbines  have 
partial  arc  admission;  in  this  case,  only  a 
section  of  ^e  blade  circle  is  covered  by  the 
nozzles.  In  general,  the  arrangement  of  nozzles 
in  any  turbine  depends  upon  the  range  of  power 
requirements  and  upon  a  number  of  design 
factors. 

A  nozzle  is  essentially  an  qpening  or  a 
passageway  for  the  steam.  When  we  speak 
of    nozde    construction    or  arrangement. 
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therefore,  we  are  actuaUy  concerned  with  the 
construction  or  arrangement  of  the  nozzle 
blocks  in  which  the  qpenings  occur.  In  most 
modem  turbines,  the  nozzle  blocks  are  ar- 
ranged so  that  the  nozzle  openings  occur  in 
groiqps,  with  each  group  being  controlled  by 
a  separate  nozzle  control  valve.  The  quantity 
of  steam  delivered  to  the  first  stage  of  the 
turbine  is  thus  a  function  of  the  number  of 
nozzles  in  use  and  the  pressure  differential 
across  the  nozzles. 

On  some  auxiliary  ships,  hand  controlled 
nozzle  valves  are  used  in  conjunction  with  a 
throttle  valve  to  admit  steam  to  the  turbine. 
Any  throttling  of  the  inlet  steam  will  reduce 
efficiency.  To  avoid  throttling  losses,  all  nozzle 
control  valves  in  use  are  opened  ftilly  before 
any  additional  valve  is  opened.  Minor  variations 
in  speed  within  any  one  nozzle  control  valve 
combination  are  taken  care  of  by  the  throttle. 

On  modem  combatant  ships,  the  nozzle  con- 
trol valve  arrangement  shown  in  figure  12-16 
is  employed.  The  throtUe  valve  is  omitted  and 
steam  enters  the  turbine  through  nozzle  ccxi- 
trol  valves,  ^peed  control  is  effected  by  vary- 
ing the  number  of  nozzle  valves  that  are  opened. 
The  variati(xi  in  the  number  of  nozzle  valves 
is  accomplishetl  thrtiugh  the  operation  of  a 
lifting  beam  mec|\ani8m.  The  lifting  beam  mech- 
anism consists  of  a  steel  beam  drilled  with 
holes  which  fit  over  the  nozzle  valve  stems. 
The  valve  stems  are  of  varying  lengths  and 
are  fitted  with  shoulders  at  the  upper  ends. 
When  the  beam  is  lowered,  all  valves  rest 
upon  their  seats.  When  the  beam  is  raised. 
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Figure  12-13.— Pressure-compounded 
impulse  turbine  (Bateau  turbine). 


the  valves  open  in  succession,  depending  upon 
their  stem  length— the  shorter  ones  open  first, 
then  the  longer  ones. 

Nozzle  Diaphragms 

Nozzle  diaphragms  are  installed  as  part  of 
each  stage  of  a  pressure-compounded  impulse 
turbine.  The  diaphragm  serves  to  hold  the 
nozzles  of  the  stage.  Figure  12-17  shows  a 
typical  nozzle  disqphragm.  The  nozzle  walls  are 
machined,  ground,  and  polished.  The  nozzles  are 
fitted  into  a  steel  plate  inner  ring.  An  outer 
ring  fits  over  the  outside  of  the  nozzles.  The 
entire  assembly  is  then  welded  together.  In 
order  to  seal  against  steam  leakage,  labyrinth 
packing  (discussed  later  in  this  chapter)  is 
used  between  the  inner  bore  of  the  diaphragm 
and  the  rotor. 

Turbine  Rotors 

The  turbine  rotor  carries  the  moving  blades 
which  receive  the  steam.  In  some  older  turbines, 
the  rotors  were  forged  separately,  machined, 
shrunk  or  pressed  onto  the  shaft,  and  keyed  to 
the  shaft.  In  most  modem  turbines,  particularly 
large  ones  such  as  those  used  for  ship  pro- 
pulsion, the  rotors  are  forged  integrally  with 
the  shaft.  Figure  12-18  shows  an  integrally 
forged  turbine  rotor  to  which  the  blades  have 
not  yet  been  attached. 

Turbine  Blades 

The  purpose  and  function  of  turbine  blading 
has  already  been  discussed.  At  this  point,  it  is 
merely  necessary  to  note  that  the  moving  blades 
are  fastened  securely  and  rigidly  to  the  turbine 
rotor.  Figure  12-10  shows  several  ways  of 
fastening  blades  to  the  turbine  rotor  wheels. 

Turbine  Bearings 

Turbine  rotors  are  supported  and  kept  in 
position  by  bearings  The  bearings  which 
serve  to  maintain  the  correct  radial  clearance 
between  the  rotor  and  the  casing  are  called 
radial  bearings.  Those  which  serve  to  limit 
the  axial  (longitudinal)  movement  of  the  rotor 
are  called  thrust  bearings. 

Propulsion  turbines  nave  one  radial  bearing 
on  each  end  of  the  rotor.  These  bearings  are  of 
the  type  generally  known  as  journal  bearings  or 
sleeve  bearings.  The  two  metallic  surfaces  are 


Bearings  are  discussed  in  chi^ter  5  cl  this  text. 
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Figure  12- 14«— Double-flow  reaction  turbine* 
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separated  only  by  a  fluid  fUm  of  oil.  The 
effectiveness  of  oU-film  lubrication  depends 
iqpon  a  number  of  factors,  including  properties 
of  the  lubricant  (cohesion,  adhesion,  viscosity, 
temperature,  etc.)  and  the  clearances,  align- 
ment, and  surface  condition  of  the  bearing  and 
the  Journal.  Except  for  the  momentary  metal- 
to-metal  contact  when  the  turbine  is  started, 
the  metallic  surfaces  of  the  bearing  and  the 
Journal  are  constanUy  separated  by  a  thin  film 
of  oU.5 

As  previously  noted,  impulse  turbines  do  not, 
in  theory,  develop  end  thrust.  In  reality,  how- 
ever, a  small  amount  of  end  thrust  is  developed 
which  must  be  absorbed  in  some  way.  Kingsbury 
or  pivoted-shoe  thrust  bearings  are  usually  used 
oa  propulsion  turbines. 

Shaft  Glands 

Shaft  ^ands  are  used  to  minimize  steam 
leakage  from  the  turbine  casing  (or  air  leakage 
into  the  casing)  at  the  points  where  the  shaft 
extends  through  the  casing.  Two  types  of  packing, 
carbon  packing  and  labyrinth  packing,  are  used 
in  shaft  glands. 


Lubricants  and  the  oil-film  theory  of  lubrication  are 
discussed  in  chapter  6  of  this  text« 


Carbon  packing  is  suitable  only  for  relatively 
low  pressures  and  temperatures,  vnien  both 
types  of  packing  are  used  iii  one  gland,  there- 
fore, as  shown  in  figure  12-20,  the  labyrinth 
packing  is  used  at  the  initial  high  pressure 
area  and  the  caibon  packing  is  used  at  the 
lower  pressure  area.  Since  most  modem  ships 
utflize  relatively  high  pressures  and  tempera- 
tures, most  modem  propulsion  turbines  are 
only  labyrinth  packing* 

Labyrinth  packing  consists  of  rows  of  me- 
tallic strips  or  fins.  These  strips  are  fastened 
to  the  ^and  liner  in  such  a  way  as  to  make  a 
very  small  clearance  between  the  str4)S  and  the 
shaft.  As  the  steam  from  the  turbine  leaks 
through  the  small  spaces  between  the  packing 
strips  and  the  shaft,  the  steam  pressure  is 
gradually  reduced. 

Where  carbon  packing  rings  are  used,  they 
restrict  the  passage  of  steam  along  the  shaft 
in  much  the  same  manner  as  do  the  laby- 
rinth packing  strips.  Carbon  packing  rings  are 
mounted  around  the  shaft  and  are  held  in  place 
by  springs*  As  a  rule,  three  or  four  caibon 
rings  are  used  in  each  gland;  each  ring  is 
fitted  into  a  separate  com]  ^artment  of  the  gland 
housing. 

Gland  Sealing  Systems 

On  prqpulsion  turbines,  the  shaft  gland 
packing  is  not  sufficient  to  entirely  stop  the 
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Figure  12-1 5.— Foundation  forpnqpulsion 
turbine. 


flow  of  steam  out  of  the  turbine  or  to  entirely 
prevent  the  flow  of  air  into  the  turbine.  For 
this  reason,  gland  sealing  steam^  is  brought 
into  the  shaft  gland  in  the  manner  shown  in 
figure  12-20.  In  this  illustrationi  the  gland  seal- 
ing steam  enters  a  space  between  the  labyrinth 
packing  and  the  carbon  packing.  In  more  recent 
installations,  the  sealing  steam  enters  between 
the  segments  of  the  labyrinth  padcing.  The 
sealing  steam  enters  at  a  pressure  of  about  2 
psig  (17  psia).  This  pressure  is,  of  course, 
slightly  greater  than  the  atmospheric  pressure 
in  the  englneroom. 

When  the  pressure  of  the  gland  sealing  steam 
is  greater  than  the  pressure  inside  the  turbine 
casing,  the  sealing  steam  flows  both  into  the 
casing  and  into  a  line  leading  to  the  gland  ex- 
haust condenser,"  excluding  all  air  from  the 
turbine  in  the  process.  When  a  high  pressure 
turbine  is  cqperating  at  high  speed,  the  pressure 


Qland  seal  and  gland  exhaust  systems  are  dis- 
cussed in  chapter  9  of  this  text. 

7 

The  gland  exhaust  condenser  is  discussed  in  chapter 
13  of  this  text. 


of  the  steam  leaking  through  the  shaft  gland 
packing  may  be  slightly  higher  than  the  pressure 
of  the  gland  sealing  steam.  When  this  situation 
prevails,  it  causes  a  reversal  in  the  direction 
of  flow  of  the  gland  sealing  steam.  At  such 
times,  the  ^and  seal  line  is  closed  and  the 
excess  steam  is  led  through  gland  leak-off 
connections  to  a  later  stage  of  the  turbine,  to 
the  ^nd  exhaust  condenser,  or  to  other  glands 
to  be  used  as  gland  seal  steam.  In  the  illustra- 
tion (fig.  12-20)  the  excess  steam  leaking  past 
the  labyrinth  packing  is  being  led  back  into  the 
eighth  and  twelfth  stages  of  the  high  pressure 
turbine. 


Dummy  Pistons  and  Cylinders 

The  steam  passing  through  a  multistage  im- 
pulse turbine  does  not  impart  any  appreciable 
axial  thrust  to  the  rotor,  since  the  pressure 
drqp  actually  takes  place  in  the  nozzles. ^  In  a 
reaction  turt)ine,  however,  considerable  axial 
thrust  does  result  from  the  drop  in  steam  pres- 
sure, since  a  pressure  drop  occurs  in  the 
moving  blades  as  well  as  in  the  stationary 
blades. 

In  single-flow  reaction  turbines,  this  axial 
thrust  is  partially  counterbalanced  the  use  of 
a  dummy  piston  and  cylinder  arrangement  such 
as  that  shown  in  figure  12-21.  Space  ^^A"  sur- 
rounds the  inlet  area  of  the  turbine  rotor  and 
is  connected  by  an  equalizing  p^e  to  space  ^'B'' 
^ich  surrounds  the  outlet  area  of  the  rotor. 
The  shoulder  on  the  rotor,  shown  in  figure  12- 
21,  is  under  fiill  Inlet  steam  pressure,  while 
the  corresponding  area  on  the  other  side  of  the 
dummy  piston  is  under  exhaust  pressure.  This 
difference  in  pressure  causes  a  thrust  toward 
the  high  pressure  end  of  the  turbine  which 
partially  counterbalances  the  thrust  in  the  op- 
posite direction  caused  by  the  pressure  drop 
through  the  turbine. 

Dummy  pistons  and  cylinders  are  not  re- 
quired in  double-flow  reacticxi  turbines,  since 
the  axial  thrust  caused  by  the  pressure  differ- 
ential across  one-half  of  the  turbine  is  counter- 
balanced by  the  equal  and  opposite  axial  thrust 
in  the  other  half  of  the  turbine. 


An  equalizing  hole  drilled  axially  through  each  rotor 
wheel  also  helps  to  minimize  thrust  in  an  impulse 
turbine. 
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Figure  12-16.— Arrangement  of  nozde  control  valves. 

Flexible  Couplings 


06.10 


Figure  12-17.— Nozzle  diaphragm. 


Propulsion  turbine  shafts  are  connected  to 
the  reduction  gears  by  flexible  coiqplings  which 
are  designed  to  take  care  of  very  fidight  mis- 
alignment between  the  two  iinits.  Flexible  cou- 
plings are  discussed  In  chapter  5  of  this  text. 

Reduction  Gears 

Reduction  gears  for  prpptilsion  turbine  in- 
stallations are  described  and  illustrated  In 
chapter  5  of  this  text.  At  this  point,  it  is  im- 
portant merely  tonotethatturbines  must  operate 
at  relatively  high  speeds  for  maximum  efficiency, 
while  propellers  must  operate  at  lower  speeds 
for  maximum  efficiency.  Reduction  gears  are 
used  to  allow  both  turbine  and  prppeller  to 
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Figure  12-18.— Integrally  forged  turbine  rotor 
(without  blades). 


INVERTED         PINE  TREE  STRADDLE-TEE 
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DOVETAIL 
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Figure  12-19.»Metb3ds  of  fastening  blades  to 
turbine  rotor  wheels. 

operate  within  their  most  '  efficient  rpm 
ranges.^ 

Uibrication  Systems 

Proper  lubrication  is  essential forthe  opera- 
tion of  any  rotating  machinery.  In  particular, 
the  bearings  and  the  reduction  gears  of  turbine 
installations  must  be  well  lubricated  at  all  times. 


Q  r..'  .  .. 

Reduction  gears  are  tet  used  in  ships  having  turbo- 
electric  drive*  In  tbese^/i^p?*  speed  reduction  is 
aooomplishedeleotrioally. 


Main  lubricating  oil  systems  are  discussed  in 
chapter  9  of  this  text;  the  theory  of  lubrication 
is  discussed  in  chapter  6. 

Turning  Gears 

All  geared  turbine  installations  arei  equipped 
with  a  motor- driven  jacking  or  turning  gear. 
The  imit  is  used  for  turning  the  turbine  during 
warming-up  and  securing  periods  so  that  the 
turbine  rotor  will  heat  and  cool  evenly.  The 
rotor  of  a  hot  turbine,  or  one  that  is  in  the 
process  of  being  warmed  will  become  bowed 
and  distorted  if  left  stationary  for  even  a  few 
minutes.  The  turning  gear  is  also  used  for 
turning  the  turbine  in  order  to  bring  the  reduc- 
tion gear  teeth  into  view  for  routine  inspection 
and  for  making  the  required  daily  jacking  of  the 
main  turbines.  The  turning  gear  is  mounted  on 
top  of  and  at  the  after  end  of  the  reduction  gear 
casing,  as  shown  in  figure  12-22.  The  brake 
shown  in  figure  12-22  is  used  when  it  is  neces- 
sary to  lock  the  shaft  after  the  shaft  has  been 
stopped. 

STEAM  TURBINE  PROPULSION  PLANTS 

The  two  principal  types  of  steam  turbine 
propulsion  plants  now  in  use  on  naval  sh^s  are 
the  geared  turbine  drive  and  the  turboelectric 
drive.  Direct  drive  installations,  once  in  com- 
mon use,  are  now  practically  obsolete;  however, 
it  is  possible  that  an  occasional  Application  for 
direct  drive  could  again  develqp  in  the  future. 

CLASSIFICATION  OF  PROPULSION 
TURBINE  UNITS 

Naval  propulsion  turbines  are  classified  as 
Class  A,  Class  B,  and  Class  C  turbines  accord- 
ing to  the  type  ship  for  which  they  are  designed. 
Class  A  turbines  are  designed  for  use  in  sub- 
marines. Class  B  tuibines  are  designed  for  use 
in  amphibious  warfare  ships,  surface  combatant 
ships,  mine  warfare  ships,  and  patrol  ships. 
Class  C  turbines  are  designed  for  use  in  auxil- 
iary ships. 

Naval  prqpulsion  turbines  are  also  classified 
according  to  design  features.  The  six  major 
types  are: 

1.  Type  I  (single-casing  unit).— The  Type  I 
propulsion  unit  consists  of  one  or  more  ahead 
elements,  each  contained  in  a  separate  casing 
and  identified  as  a  single-casing  turbine.  Each 
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Figure  12-20.-Turbine  gland. 
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Figure  12-21.— Dummy  pltiton  and  cylinder  arrangement. 
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turbine  delivers  approximately  equal  power  to  a 
reduction  gear,  . 

2.  Type  II-A  (straight-through  unit)  .-The 
Type  II-A  propulsion  unit  is  a  two  element 
straight-through  unit,  and  consists  of  two  ahead 
elements,  known  as  a  high  pressure  (HP)  ele- 
ment and  a  low  pressure  (LP)  element.  The  HP 


and  LP  elements  are  contained  in  a  separate 
casing  and  are  commonly  known  as  the  HP  and 
LP  turbines,  respectively.  The  HP  and  LP  tur- 
bines deliver  power  to  a  single  shaft  through  a 
gear  train  and  are  coupled  separately  to  the 
reduction  gear.  Steam  is  admitted  to  the  HP 
turbine  and  flows  straight  through  the  turbine 
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Figure  12-22.-After  end  of  main  reduction  gear,  showing 
turning  gear  and  propeller  locking  mechanism. 
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axially  without  bypassing  any  stages  (there  is 
partial  bypassing  of  the  first  row  of  blades  at 
high  power),  and  then  is  exhausted  to  the  LP 
turbine  through  a  crossover  pipe. 

3.  Typen-B(EXTERNALbypassunit).-.The 
Type  n-B  propulsion  unit  is  similar  to  the  Type 
n-A,  except  that  provision  is  made  for  bypass- 
ing of  steam  around  the  first  stage  or  first 
several  stages  of  the  HP  turbine  atpowers  above 
the  most  economical  point  of  operation.  Bypass 
valves  are  located  in  the  turbine  steam  chest, 
with  the  nozzle  control  valves. 

4.  Type  II-C  (INTERNAL  bypass  unit)  .«-The 
Typen-C  is  similar  to  the  Type  It- A,  except 
tbat  provision  is  made  for  bypassing  kteam  from 
the  first-stage  shell  around  the  next  deveral  (one 
or  more)  stages  of  the  HP  turbine  at  powers 
above  the  most  economical  point  of  operation. 
Bypass  valves  and  steam  connections  are  usually 
integral  with  the  HP  turbine  casing;  however. 


some  installations  have  the  valves  separate,  but 
bolted  directly  to  the  casing,  with  suitable  con- 
necting piping  between  the  first-stage  shell  and 
valve  to  the  bypass  belt. 

5.  Type  HI  (series-parallelunit).— The  Type 
HI  prcq[>ulsion  unit  consists  of  three  ahead  ele- 
ments, known  as  the  HP  element,  intermediate 
pressure  (IP)  element,  and  LP  element.  The 
HP  and  IP  elements  are  combined  in  a  single 
casing,  and  known  as  the  HP-IP  turbine.  Steam 
is  admitted  to  the  HP-IP  turbine  and  exhausted 
to  the  LP  turbine  through  a  crossover  pipe. 
For  powers  up  to  the  most  economical  point  of 
operation,  only  the  HP  element  receives  inlet 
steam,  with  the  IP  element  being  supplied  in 
series  with  steam  from  the  HP  element  ex- 
haust. At  powers  above  this  point  of  operation, 
both  elements  receive  inlet  steam  in  a  manner 
similar  to  that  in  a  double-flow  turbine.  During 
ahead  operation  no  ahead  blading  is  bypassed. 
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Series-parallel  units  are  being  used  on  some  of 
the  more  recent  naval  combatant  vessels,  such 
as  DEs,  DDs,  and  CVAs. 

6.  Type  IV  (cruising  geared  and  vented 
unit).— The  Type  IV  prqpulsion  unit  consists  of 
a  crusing  element,  HP  element,  and  LP  element- 
each  contained  in  a  separate  casing.  The  cruis- 
ing turbine  is  connected  in  tandem  through  a 
cruising  reduction  gear  to  the  forward  end  of 
the  HP  turbine.  The  cruisingturbine  contributes 
power  to  the  propeller  shaft  for  powers  up  to 
the  most  eccmomical  point  of  operation,  and  for 
higher  powers  it  is  idled  in  a  partial  vacuiun 
and  stqpplied  with  cooling  steam  to  prevent  over- 
heating. For  cruising  power,  steam  is  admitted 
to  the  cruising  tuibine  and  then  exhausted  to  the 
HP  turbine  inlet,  and  thence  from  the  HP  tur* 
bine  exhaust  into  the  LP  turUne  through  a  cross- 
over pipe.  The  arrangement  of  the  HP  and  LP 
turbine  is  identical  to  the  Type  n  units.  It  is 
possible  to  disconnect  the  cruising  turbine  to  al- 
low for  repair.  Once  disconnected,  the  HP  tur- 
bine may  be  placed  in  service. 

All  of  these  six  types  of  propelling  units  con- 
tain an  astern  element  for  backing  or  reversing. 
An  astern  element  is  located  in  each  end  of  a 
double  flow  LP  turbine  casingorcanbein  either 
end  of  each  single-casing  tuxbine  or  single  flow 
LP  turbine. 

Figure  12-23  illustrates  the  flow  of  steam 
in  a  Type  IV  propulsion  unit  when  the  cruising 
turbine  is  in  use;  figure  12-24  illustrates  the 
flow  of  steam  at  higher  rates  of  operation. 

Astern  elements  in  noncombatant  ships  are 
usually  velocity-compounded  impulse  stages 
(Curtis  stages)  mounted  in  the  exhaust  end  of 
the  ahead  turbine.  Astern  elements  in  com- 
batant ships  are  velocity-compounded  (Curtis) 
stages  installed  at  each  end  of  the  low  pressure 
tuibine.  Each  astern  element  has  its  own  steam 
inlet  but  the  admissiCHi  of  steam  to  both  ele- 
ments is  controlled  by  one  astern  throttle.  The 
astern  elements  exhaust  through  the  low  pres- 
sure turbine  exhaust  chanlber  to  the  condenser. 
Figure  12-25  illustrates  the  flow  of  steam  for 
astern  operation  in  a  Type  IV  propulsion  unit. 

Figure  12-26  illustrates  a  typical  high  pres- 
sure turbine.  This  turbine  has  one  velocity- 
compounded  impulse  stage  followed  by  eleven 
pressure-compounded  impulse  stages;  hence  it 
is  a  pressure-velocity-compounded  impulse 
tuibine. 

A  low  pressure  double-flow  turbine  is  shown 
in  figure  12-27.  Note  the  astern  elements. 
This  particular  lowpressure  turbine  is  a  straight 


reaction  turbine.  In  some  ships,  double-flow  [ 

pressure- compounded  impulse  turbines  are  used  f 

as  low  pressure  turbines.  : 

A  tjnpical  cruising  turbine  is  shown  in  figure  I 
12-28.  This  is  an  eight-stage  impulse  turbine.  ; 
The  first  stage  is  a  velocity-compounded  (Cur- 
tis) stage;  the  remaining  seven  stages  are  pres-  ^ 
sure-compounded  (Bateau)  states.  The  turbine  [ 
is  therefore  a  pressure-velocity-compounded  : 
impulse  turbine.  i 

Unlike  the  geared  turbine  propulsion  plants,  j 

the  tuiboelectric  drive  installations  have  a  single  ^ 

turbinie  unit  for  each  shaft.  Figure  12-29  shows  t 

the  general  arrangement  of  a  turboelectricpro-  ^ 

pulsion  unit.  As  may  be  seen,  the  plant  includes  \ 

a  turbine,  a  main  generator,  a  propulsion  motor,  / 

a  direct-current  generator  for  supplying excita-  ; 

tion  current  to  the  generator  and  the  propulsion  1 

motor,  and  a  prppulsicm  control  board.  ? 

Although  the  speed  reduction  is  brought  about  \ 

electrically,  rather  than  by  the  use  of  reduction  ] 

gears,  the  speed  reduction  ratio  between  turbine  ; 

and  propeller  in  the  turboelectric  drive  is  ap-  ; 

proximately  the  same  as  it  is  in  the  geared  i 

turbine  drive.  \ 

One  of  the  outstanding  differences  between  I 

the  geared  turbine  drive  and  the  tuiboelectric  ^ 

drive  is  that  the  turboelectric  drive  does  not  | 

have  an  astern  element.  In  the  tuiboelectric  | 

drive,  the  direction  of  rotation  of  the  propulsion  | 

motor  controls  the  direction  of  rotation  of  the  ^ 

prqpeller.  Hence  there  is  no  need  to  reverse  i 

turbine  rotation  for  astern  operation.  i 

PLANT  OPERATION  j 

i 

Operating  a  ship's  propulsion  plant  requires  f 

sound  administrative  procedures  and  the  coop-  i 

oration  of  all  engineering  departmental  person-  I 

nel.  The  reliability  and  the  economical  operation  : 

of  the  plant  is  vital  to  the  ship's  operational  ; 
readiness. 

A  ship  must  be  capable  of  performing  any  | 

duty  for  which  it  was  designed.  A  ship  is  con-  | 

sidered  reliable  when  it  meets  all  scheduled  | 

operations  and  is  in  a  position  to  accept  un-  | 

scheduled  tasks,  tn  order  to  do  this,  the  sh^'s  | 

machinery  must  be  kept  in  good  condition  so  | 

that  the  various  units  will  operate  as  designed.  | 

In  order  to  obtain  economy,  the  engineering  j 
plant,  while  meeting  prescribed  requirements, 
must  be  operated  so  as  to  use  a  minimum 
amount  of  fuel.  The  fuel  performance  ratios 
are  good  overall  indications  of  the  condition 
of  the  engineering  plant  and  the  efficiency  of 
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Figure  12-23.— Flow  of  steam  in  Type  IV  propulsion 
\tnit  (cruising  turbine  In  use). 
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the  operating  personnel.  The  fuel  performance 
ratio  is  the  ratio  of  the  amount  of  fuel  oil  usdd 
as  compared  to  the  amount  of  fuel  oil  allow^  ;^ 
for   a  certain  speed  or  steaming  condition^ 
The  fuel  performance  ratio,  which  is  reported 


on  the  Monthly  Summary,  is  a  general  indica- 
tion of  the  ship's  readiness  to  operate  eco- 
nomically and  vvithln  established  standards.  In 
determining  the.  economy  of  a  ship's  engineer- 
ing plant,  the  same  consideration  is  given  to 
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Figure  12-24.-- Flow  of  steam  in  Type  TV  propulsion 
unit  (cruising  turbine  not  in  use). 
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the  amount  of  \vater  tised  on  board  sh^.  Water 
consumpticm  is  computed  in  (1)  gallons  of  make- 
\xp  feed  per  mile  under  way,  (2)  gallons  of  make- 
up feed  per  hour  at  anchor,  and  (3)  gallons  of 
potable  water  per  man  per  day. 


The  increase  or  decrease  In  a  sh^'s  fuel 
economy  depends  largely  on  the  operation  of 
each  unit  of  machinery;  economical  operation 
further  depends  on  personnel  understanding  the 
function  of  each  unit  and  knowing  how  units  are 
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Figure  12-25.— Flow  of  steam  in  Type  TV  prppidsion 
unit  (astern  operaticm). 
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used  in  combination  with  other  units  and  with 
the  plant  as  a  whole. 

Good  engineering  practices  and  sate  opera- 
tion ol  the  plant  should  never  be  violated  in 
the  interest  of  economy— furthermore^  factors 


affecting  the  health  and  comfort  of  the  crew 
should  meet  the  standards  set  by  the  Navy. 

Indoctrination  of  the  sh^'s  crew  in  methods 
of  conserving  ^ter  is  of  the  utmost  importance^ 
and  should  be  given  constant  consideration. 
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Figure  12-26.— High  pressure  turbine. 
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Aboard  naval  ships,  economy  measures  can- 
not be  carried  to  ^remes,  because  there  are 
several  safety  factors  that  must  be  considered. 
Unless  proper  safety  precautions  are  taken, 
reliability  may  be  sacrificed;  and  in  the  opera- 
tion of  naval  ships,  reliability  is  one  of  the  more 
important  factors.  In  operating  an  engineering 
plant  as  economically  as  possible,  safety  factors 
and  good  engineering  practice  must  not  be  over- 
looked. 

There  are  several  factors  that,  if  given 
proper  consideration,  will  promote  efficient  and 
economical  operation  of  the  engineering  plant. 
Some  of  these  factors  are:  (1)  maintaining  the 
designed  steiim  pressure,  (2)  prpper  accelera- 
tion of  the  main  engines,  (3)  maintaining  high 
condenser  vacinim,  (4)  guarding  against  exces- 
sive recirculation  of  ccxidensate,  (5)  maintenance 
of  prpper  insulation  and  lagging,  (6)  keeping 
the  consumption  of  feed  water  and  potable  water 


within  reasonable  limits,  (7)  conserving  elec- 
trical power,  (8)  using  the  correct  number  of 
boilers  for  best  efficiency  at  the  required  load 
levels,  and  (9)  maintaining  minimum  excess 
combustion  air  to  the  boilers. 

Maintaining  a  constant  steam  pressure  is 
important  to  the  overall  efficiency  of  the  engi- 
neering plant.  Wide  or  frequent  fluctuations  in 
the  steam  pressure  or  degree  of  superheat  above 
or  below  that  for  which  the  machinery  is  de- 
signed will  result  in  a  considerable  loss  of 
economy.  Excessively  high  temperatures  will 
resiilt  in  severe  damage  to  superheaters,  piping, 
and  machinery. 

Prpper  acceleration  and  deceleration  of  the 
main  engines  are  important  factors  in  the  eco** 
nomical  pperation  of  the  engineering  plant.  A 
fast  acceleration  will  not  only  interfere  with 
the  safe  pperation  of  the  boilers  but  will  also 
result  in  a  large  waste  of  fuel  oih  The  officer 
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Figure  12-27.— Low  pressure  turbine 
(with  astern  elements). 


147.101 


or  CPO  In  charge  of  an  englneroom  watch,  can 
contribute  a  great  deal  to  the  economical  and 
safe  operation  of  the  boUers  if  they  use  the 
acceleration  and  deceleration  charts  provided 
for  that  particular  propulsion  plant. 

Acceleration  and  deceleration  charts  are 
posted  at  each  main  engine  throttle  board.  These 
charts  give  the  exact  amount  of  time  that  the 
throttleman  should  use  in  changing  speed.  When 
a  speed  change  is  ordered,  the  throttleman  can 
tell  instantly,  by  checking  the  chart,  the  minutes 
and  seconds  necessary  for  him  to  accelerate 
or  decelerate  to  the  new  speed.  Main  engine 
control  has  tachometers  indicating  the  number 
of  rpm  each  shaft  is  doing.  By  means  of  the 
tachometers,  the  engineering  officer  of  the  watch 
can  coordinate  the  xpm  of  the  shafts;  if  one 
throttleman  accelerates  or  decelerates  too 
rapidly  or  too  slowly,  the  engineering  officer 
of  the  watch  can  detect  the  trouble  and  have 
it  corrected. 

Improper  acceleration  or  deceleration 
wastes  fuel,  leads  to  uneconomical  operation  of 
the  prc^ulsion  plant,  and  may  cause  operational 


problems  in  the  fireroom.  Each  throttleman 
shotild  have  a  revolution  -  pressure  table  which 
gives  the  approximate  pressure  required  in  the 
first  stage  of  the  high  pressure  turtiine  to  de- 
velop a  certain  rpm.  By  using  such  a  table, 
together  with  the  acceleration  and  deceleration 
charts,  the  throttleman  can  make  his  watch- 
standing  much  easier  and,  at  the  same  time, 
contribute  to  economical  and  efficient  operation 
of  the  plant.  There  must  always  be  complete 
understanding  between  the  engineroom  and  the 
bridge  as  to  how  many  rpm  are  to  be  maintain- 
ed for  one-third,  two-thirds,  standard,  and  full 
speed.  The  throttleman  should  never  relieve 
the  watch  without  knowing  the  rpm  for  these 
speeds. 

For  most  efficient  turbine  qperation,  the 
highest  possible  vacuum  mtist  be  maintained 
in  the  condenser.  Air  must  not  be  allowed  to 
leak  into  the  condenser,  exhaust  trunks,  throt. 
ties,  lines  to  air  ejectors,  gage  lines,  idle 
condensate  pump  packing,  maketq;>  feed  lines, 
or  any  other  part  of  the  system  under  vacuum, 
A  steam  pressure  of  1/2  to  2  psi  must  be 
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Figure  12-28.— Cruising  turbine. 
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maintained  on  the  glands  when  the  turbine  is  in 
operation,  and  the  0and  packing  must  be  kept 
in  good  condition.  An  adequate  supply  of  water 
must  be  maintained  for  the  makeup  feed  tank 
so  that  air  will  not  be  drawn  into  the  condenser. 

A  combatant  ship  operates  most  of  the  time 
at  speeds  far  below  maximum.  At  cruising 
speeds,  only  a  fraction  of  turbine  capacity  is 
required.  At  low  speeds,  economy  is  obtained 
by  one  of  the  following  methods:  (1)  by  using 
cruising  turbines  which  are  designed  to  operate 
economically  at  speeds  up  to  about  18  knots, 
(2)  by  using  cruising  stages  in  the  hi^  pres- 
sure turbine,  and  (3)  by  using  turbines  which 
are  designed  so  *that  they  can  be  operated  in 
series. 


On  shipi3  that  have  a  cruising  turbine,  the 
cruising  combination  should  be  used  for  all 
underway  operations  requiring  speeds  of  less 
than  18  knots.  The  officer  of  the  watch  (or 
the  petty  officer  of  the  watch)  should  obtain 
permission  from  the  OOD  to  operate  on  cruis- 
ing combination  whenever  possible. 

To  prevent  casualties  to  cruising  turbines, 
the  protective  devices  (sentinel  valve,  direct- 
reading  thermometer,  crossover  valve  lock, 
and  thermal  alarm)  should  be  checked  con- 
tinuously. 

In  order  to  be  a  good  engineering  officer  of 
the  watch,  he  must  acquaint  himself  with  all 
standing  orders  and  operating  instructions  for 
his  ship.  These  are  made  up  for  each  ship  and 
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Figure  12-29.— Diagram  of  turboelectric  drive  installation. 
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show  the  various  plant  arrangements  (splitplant, 
cross-connected  steaming/  cruising  arrange- 
menty  etc.)  for  the  different  speeds.  Eachwatch- 
stander  must  read  and  understand  the  steaming 
orders  and  any  additicmal  orders  issued  by  the 
engineer  officer.  At  this  point  the  engineering 
officer  of  the  watch  will  request  permission  to 
light  fires  under  the  siqperheater  if  two-furnace 
single-tq)take  stqperheater  control  boilers  is  in- 
stalled. 

Oh  large  combatant  shl^s,  there  is  usually 
sufficient  steam  flow  (even  when  steaming  for 
aiodliary  purposes)  to  maintain  fires  under  the 
superheater  side.  However,  in  most  installa- 
tions, and  particularly  in  destroyers,  it  is 
usually  necessary  to  be  underway  and  making 
about  12  knots  before  the  fires  can  be  lighted 


tmder  the  superheater  side  of  the  boiler.  When 
the  siq[)erheater  is  operating  and  the  steam  flow 
drops  below  a  safe  minimum,  the  superheater 
fires  must  be  secured  immediately.  On  de- 
stroyers the  superheater  fires  are  usually 
secured  when  the  speed  of  the  ship  drops  below 
10  knots. 

From  the  standpoint  of  maintenance  and  re- 
pairs to  the  steam  pU>ing,  turbine  casings, 
and  superheater  handhole  plates,  it  is  not 
feasible  to  put  siqperheaters  into  operation  until 
it  is  esgpected  that  the  ship's  speed  will  be 
more  than  10  knots  for  a  considerable  period 
of  time.  Furthermore,  continually  lighting  off 
and  securing  the  superheater  fires  will  cause 
extensive  steam  leaks  throughout  the  sys- 
tem subjected  to  fast  changing  temperature 


343 


ERLC 

± 


^51 


PRINCIPLES  OF  NAVAL  ENGINEERING 


conditions.  These  ^^^^i^^l^J^JT^J^!'^ 
fuel  than  could  be  saved  by  a  few  minutes  oi 

^'^T'itoSo'-lntegral  superheater  boUer 
creates  a  different  types  o^P'O^^em.  The  super- 
Later  tubes  must  be  protected  ^ 
the  furnace  In  the  Interval  during  ^hlch  fires 
are  lighted  but  the  rate  of  steam  generation  is 
Stm  Insufficient  to  ensure  a  safe  flow  through 
the  superheater.  During  ope'a"°»' 
problem  since  all  steam  passes  tt»ro»»8h  "le 
Superheater  and  leaves  the  boUer  superheat 
temperature.  After  the  boUer  Is  on  the  line  and 
fShlng  steam,  there  will  be  8ufflclen^n<J^ 
because  all  steam  passes  through  the  super- 

^'^TlB  sometimes  necessary  to  light  off  aiidput 
additional  boUers  on  the  line,  ;whe'i  a  f  hip  Is 
underway.  Withno-controlsuperheatbollers,  the 
rte^are  much  the  same  as  tor  TpMtiigtiielir^ 
boUer  or  boUers  onthellne.  With  superheat  con- 
trol  boUers,  additional  precautions  must  be 

*^When  the  steam  lines  are  carrying  super- 
heated steam.  It  would  be  dangerous  to  admit 
SSSated  stekm  to  the  lines.  It  Is  not  usually 
possible  to  establish  enough  steam       to  "J* 
Sff  the  superheaters  of  the  Incoming  boUers, 
untU  they  are  on  the  line.  It  Is  perinlsslWe  to 
tolng  to  the  incoming  boUers,  without  their 
Superheaters  In  operation,  if  the  BVgerheater 
outtet  temerature  of  the  steaming  boUers  Is 
lowered  to  600°  F.  Lowering  of  the  superheat 
temperature  on  the  steaming  boUers  should  be 
started  In  time  so  that  the  cuttlng-ln  tempera- 
ture can  be  reached  before  the  mcomlngboUers 
are  up  to  operating  pressure.  Except  to  ap 


ahftiiirt  NOT  ha  lowered  or  at  a  ..aster 

fhan  Rpo  F  Bverv  5  minutes. 
A  nZber  of  othe?  Items  must  be  checkedor 
inspected  at  frequent  Intervals  ^hen  a  ship  Is 
un<terway.  Englneeroom  personnel  must  becon- 
stantly  alert  for  abnormal  pressures,  temper- 
atures, sound  and  vibrations. 

The  first  indication  of  bearing  trouble  Is 
usually  a  rise  In  temperature.  There  Is  noob- 
lectlon  to  a  bearing  running  warm  p.  long  as 
£e  Smperature  iS  not  high  enou^  to  cause 
SSnage  to  the  bearing.  Any  RAPm  rise  to 
temperature,  or  any  Increase  over  the  norm  J 
openitlng  temperature,  Is  probably  a  sign 
tewible.  The  first  things  to  chedc  are  toe 
««ntlty  of  lube  oU  and  the  quality  of  lUbe  oU. 
MposSble,  the  amount  of  oU  going  to  the  over- 
beated  bearing  should  be  Increased  and  the  now 
of  coollngwaterthroughthelubeoUcooler should 


be  Increased,  ifthese  measures  do  not  reduce  the 
SaSrtag  temperature,  the  unit  must  be  stopped  or 

^^Tslght-flow  indicator  Is  fitted  In  «»elubeoU 
line  of  each  main  engine  bearing  and  each  re- 
rtuetlon  eear  bearing.  When  the  plant  Is  In  op- 
SlSS,  ea?hS£t-now  indicator  shouldalways 
show  a  steadv  flow  of  lube  oil. 
''°?he  rotoVposltlon  Indicator  for  eachturbtae 
must  be  checked  every  hour  and  the  reading 
ZIbI  be  logged.  Any  abnormal  reading  must  be 
investleated  at  once. 

SicV  of  the  first  indications  of  englneroan 
trouble  is  anabnormalreadlngonathermometer 
or  pressure  gage.  All  gages  should  be  checked 

Tte^li  level  in  the  main  engine  smnp  must 
be  checked  every  hour 

enelne  operating  record.  In  addition,  other 
chl^  sToid  bl  made  In  between  the  required 
SSS?  checks.  A  rise  In  the  oU  level  may  mean 
JSf  water  Is  entering  the  l"be  oU  system  or  thrt 
the  system  Is  gaining  o"hi  an  abnormal  maMe^^ 
A  drop  in  the  oU  level  of  the  main  engine  sump 
maT  tadSate  a  leak  In  the  lube  oU  system  or 
SSrrTct  operation  of  the  lube  oU  PurU  er. 

The  water  level  In  each  operatlngdeaeratlng 
feed  tank  should  be  kept  between  the  minimum 
'^d'tST^iSum  aUoSble  levels.  Uthewater 
level  goes  above  the  maximum,  the  tank  no 
loSr'keaerates  the  water  If  the^»t«5/«;f^^ 
below  the  minimum,  a  sudden  deinand  for  feed 
^ter  may  empty  the  deaeratlng  feed  tank  and 
Su5e  SSulatlv J  casualties  to  the  feed  t««ster 
pump,  the  main  feed  pump,  and  the  boUers. 

A  salinity  Indicator  Is  located  at  or  near  the 
throttle  board  in eachenglneroomsothatengtae- 
?S«n  personnel  can  detect  the  entrance  of  s^t 
iater  into  the  condensate  system.  The  salinity 
tadlcatS-  must  be  checked  constantly.  Even  a 
vTrrs^  amo^t  of  salt  in  the  condensate 
system  wUl  very  raPl<flyconta«hiate  a  steaming 
Suer.  Any  abnormal  reading  of  the  salinity 
tadlci  or  must  be  Investigated  Immediately  and 
Se  sotSrce  0?  contamination  must  be  found  and 
corrected. 
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PLANT  MAINTENANCE 

The  maintenance  of  maximum  operational 
rellabUlty  and  efficiency  of  steam  propuls  on 
S  r  eUes  a  carefully  planned  and  execu  ed 
S.o?am  inspections  and  preventive  matate- 
Snce,  in  addition  to  strict  ««»herence  ^  P'^" 
sSlb^d  operating  Instructions  and  sJ^ety  pre- 
caSlons.  U  proper  maintenance  procedures  wre 
JXSed  ataorSd  conditions  maybe  prevented. 
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Preventive  inspection  and  maintenance  are 
vital  to  successful  casualty  control,  since  these 
activities  minimize  the  occurrence  of  casualties 
by  material  failures.  Continuous  and  detailed 
inspection  procedures  are  necessary  not  only 
to  discover  partly  damaged  parts  ivhich  may 
faU  at  a  critical  time,  but  also  to  eliminate  the 
underl3ring  conditions  which  lead  to  early  failure 
(maladjustment,  improper  lubrication,  cor- 
rosion, erosion,  and  other  enemies  of  machinery 
reliability).  Particular  and  continuous  attention 
must  be  paid  to  the  following  synq[)toms  of  mal- 
functioning: 

1.  Unusual  noises. 

2.  Vibrations. 

3.  Abnormal  temperatures. 

4.  Abnormal  pressures. 

5.  Abnormal  operating  speeds. 

Operating  personnel  should  thoroughly  famil- 
iarize themselves  with  the  specific  tenqpera- 
tures,  pressures,  and  operating  speeds  of  equip- 
ment required  for  normal  operation,  in  order 
that  departures  from  normal  operation  will  be 
more  readily  apparent. 

If  a  gage,  or  other  instrument  for  recording 
operation  conditions  of  machinery,  gives  an 
abnormal  reading,  the  cause  must  be  Mly  in- 
vestigated. The  installation  of  a  spare  instru- 
ment, or  a  calibration  test,  wUl  quickly  indicate 
whether  the  abnormal  reading  is  due  to  instru- 
ment error.  Any  other  cause  msut  be  traced  to 
its  source. 

Because  of  the  safety  factor  commonly  in- 
corporated in  pumps  and  similar  equipment, 
considerable  loss  of  capacity  can  occur  before 
any  external  evidence  is  readily  apparent. 
Changes  in  the  operating  speeds  from  normal 
for  the  existing!  load  in  the  case  of  pressure- 
governor-controlled  equipment  should  be  viewed 
with  suspicion.  Variations  from  normal  pres- 
sures, lubricating  oil  temperatures,  and  system 
pressures  are  indicative  of  either  inefficient  cqp- 
eration  or  poor  condition  of  machinery. 

In  cases  where  a  material  failure  occurs  in 
any  unit,  a  prompt  inspection  should  be  made  of 
all  similar  units  to^  determine  If  there  is  any 
danger  that  a  sinillar  faUure  might  occur. 
Prompt  Inspection  may  eliminate  a  ivave  of  re- 
peated casualties. 

Abnormal  wear,  fotigue,  erosion,  or  corro- 
sion of  a  particular  part  may  be  indicative  of  a 
failure  to  operate  the  equipment  within  its  de- 
signed limits  or  loading,  velocity  and  lubrication. 


or  it  may  indicate  a  design  or  material  de- 
ficiency. Unless  corrective  action  can  be  taken 
which  will  ensure  that  such  failures  will  not 
occur,  special  inspections  to  detect  damage 
should  be  undertaken  as  a  routine  matter. 

Strict  attention  must  be  paid  to  the  proper 
lubrication  of  all  equipment,  and  this  includes 
frequent  inspection  and  sampling  to  determine 
that  the  correct  quantity  of  the  proper  lubricant 
is  in  the  unit.  It  is  good  practice  to  make  a  daily 
check  of  samples  of  lubricating  oil  in  all  aux- 
ilaries.  Such  sample's  should  be  allowed  to 
stand  long  enough  for  any  water  to  settle.  Where 
auxiliaries  have  been  idle  for  several  hours, 
particularly  overnight,  a  sufficient  sample  to 
remove  all  settled  water  should  be  drainedfrom 
the  lowest  part  of  the  oil  anmp.  Replenishment 
with  fresh  oil  to  the  normal  level  should  be  in- 
cluded in  this  routine. 

The  presencjs  of  salt  water  in  the  oil  can  be 
detected  by  drawing  off  the  settled  water  by 
means  of  a  pipette  and  by  running  a  standard 
chloride  test.  A  samifle  of  sufficient  size  for 
test  purposes  can  be  obtained  by  adding  dis- 
tilled water  to  the  oil  sample,  shaking  vig- 
orously, and  then  allowing  the  water  to  settle 
before  draining  off  the  test  sample.  Because  of 
its  corrosive  effects,  salt  water  in  the  lubricating 
oil  is  far  more  dangerous  to  a  unit  than  is  an 
equal  quantity  of  fresh  water.  Salt  water  is  par- 
ticularly harmful  to  units  containing  oil- 
lubricated  ball  bearings. 

An  an  example,  the  maintenance  reqijiire- 
ments  which  shall  be  conducted  in  accordance 
with  the  3-M  System  is  shown  in  figure  12-30, 
(Maintenance  Index  Page). 

CASUALTY  CONTROL 

The  mission  of  engineering  casualty  control 
is  to  maintain  all  engineering  services  ina state 
of  maximum  reliability,  under  all  conditions.  To 
carry  out  this  mission,  it  is  necessary  for  the 
personnel  concerned  to  know  the  action  nec- 
essary to  prevent,  minimize,  and  correct  the 
effects  of  operational  and  battle  casualties  on 
the  machinery  and  the  electrical  and  piping 
installations  of  their  ship.  The  prime  objective 
of  casualty  control  is  to  maintain  a  ship  as  a 
whole  in  such  a  condition  that  it  will  function 
effectively  as  a  fighting  unit.  This  requires  ef- 
fective maintenance  of  propulsion  machinery, 
electrical  systems,  interior  and  exterior  com- 
munications, fire  control,  electronic  services, 
ship  control,  flremaln  supply,  and  miscellaneous 
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services  such  as  heating,  air  conditioning,  and 
compressed  air  systems.  Failure  of  any  of  these 
services  will  affect  a  ship's  abUity  to  fulfill 
its  primary  objective,  either  direcUy  by  reducing 
its  power,  or  indirectly  by  creating  conditions 
which  lower  personnel  morale  and  efficiency.  A 
secondary  objective-which  contributes  consid- 
erably to  the  successful  accomplishment  of  the 
first— is  the  minimization  of  personnel  casual- 
ties and  of  secondary  damage  to  vital  machinery. 

The  details  on  specific  casualties  are  beyond 
the  scope  of  this  manual.  Detailed  information 
on  casualty  control  can  be  obtained  from  the 
Engineering  Casualty  Control  Manual,  the  Dam- 
age Control  Book,  the  Ship's  Organization  Book, 
and  the  Damage  Control  Bills.  These  publica- 


tions may  vary  on  different  ships,  but  In  all 
cases  they  give  the  organization  and  the  proce- 
dures to  be  followed  In  case  of  engineering 
casualties,  damage  to  the  ship,  and  other  emer- 
gency conditions. 

The  basic  factors  Influencing  the  effective- 
ness of  engineering  casualty  control  are  much 
broader  than  the  Immediate  actions  taken  at  the 
time  of  the  casualty.  Engineering  casualty  con- 
trol reaches  Its  peak  efficiency  by  a  combination 
of  sound  design,  careful  Inspection,  thorough 
plant  maintenance  (Including  preventive  mainte- 
nance), and  effective  personnel  organization  and 
training.  CASUALTY  PREVENTION  IS  THE 
MOST  EFFECTIVE  FORM  OF  CASUALTY 
CONTROL. 
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CONDENSERS  AND  OTHER  HEAT  EXCHANGERS 


This  chapter  deals  with  the  major  pieces  of 
heat  transfer  apparatus  found  in  the  condensate 
and  feed  system  of  the  conventional  steam  turbine 
propulsion  plant.  Heat  exchangers  discussed 
here  include  the  main  condenser,  the  air  ejector 
condenser,  the  ^and  exhaust  condenser,  the  vent 
condenser,  the  deaerating  feedtank^  and  the  aux- 
iliary condenser.  The  arrangement  of  piping  that 
connects  these  units  is  discussed  in  chapter  9  of 
this  text. 

MAIN  CONDENSEU 


The  main  condenser  is  the  heat  exchanger^in 
which  exhaust  steam  from  the  propulsion  tur- 
bines is  condensed  as  it  comes  in  contact  with 
tubes  through  which  cool  sea  water  is  flowing. 
The  main  condenser  is  the  heat  receiver  of  the 
thermodynamic  cycle-that  is,  it  is  the  low  tem- 
perature heat  sink  to  which  some  heat  must  be 
rejected.  The  main  condenser  is  also  the  means 
by  which  feed  water  is  recovered  and  returned 
to  the  feed  system.  If  we  imagine  a  shipboard 
propulsion  plant  in  which  there  is  no  main  con- 
denser and  the  turbines  exhaust  to  atmosphere, 
and  if  we  consider^the  vast  quantities  of  fresh 
water  that  would  be  required  tostq;>portevenone 
boiler  generating  150,000  pounds  of  steam  per 
hour,  it  is  inunediately  apparent  that  the  main 
condenser  serves  a  vital  function  in  recovering 
feed  water. 

The  main  condenser  is  maintained  under  a 
vacuum  of  approximately  25  to  28.5  inches  of 
mercury.  The  designed  vacuum  varies  accord- 
ing to  the  design  of  the  turbine  Installation  and 
according  to  such  operational  factors  as  the  load 
on  the  condenser,  the  temperature  of  the  outside 
sea  water,  and  the  tigress  of  the  condenser.  The 
designed  full-power  vacuum  for  any  particular 
turbine  installation  may  be  obtained  from  the 
machinery  specifications  for  the  plant.  Some 


turbines  are  designed  for  a  full-power  exhaust 
vacuum  of  27.5  inches  of  mercury  when  the  cir- 
culating water  injection  temperature  is  TS""  F; 
others  are  designed  for  a  full-power  exhaust 
vacuum  of  25  inches  of  mercury  with  a  circulat- 
ing water  injection  temperature  of  75^  F. 

R  is  often  saidthatanenginecaiido  a  greater 
amount  of  useful  work  if  it  exhausts  to  a  low 
pressure  space  than  if  it  exhausts  against  a  high 
pressure.  This  statement  is  undeniably  true,  but 
for  the  condensing  steam  power  plant  it  may  be 
somewhat  misleading  because  of  its  emphasis  on 
pressure.  The  pressure  is  important  because  it 
determines  the  teniperature  at  which  the  steam 
condenses.  As  noted  in  chapter  B  of  this  text,  an 
increase  in  the  temperature  difference  between 
the  source  (boiler)  and  the  receiver  (condenser) 
increases  the  thermodjniamic  efficiency  of  the 
cycle.  By  maintaining  the  condenser  under  vac- 
uum, we  lower  the  condensing  temperature,  in- 
crease the  temperature  difference  between 
source  and  receiver,  and  increase  the  thermody- 
namic efficiency  of  the  cycle. 

Given  a  tight  condenser  and  an  adequate  sup- 
ply of  cooling  water,  the  basic  cause  of  the  vac- 
uum in  the  condenser  is  the  condensation  of  the 
steam.  This  is  true  because  the-specificvoliune 
of  steam  is  enormously  greater  than  th^ specific 
voliune  of  water.  Since  the  condenser  is  filled 
with  air  when  the  plant  is  cold,  and  since  some 
air  finds  its  way  into  the  condenser  during  the 
course  of  plant  operation,  the  condensation  of 
steam  is  not  sufficient  to  establish  the  initial  vac- 
uum nor  to  maintain  the  required  vacuum  under 
all  conditions,  bi  modern  shipboard  steam  plants, 
air  ejectors  are  used  to  remove  air  and  other 
noncondensable  gases  from  the  condenser.  The 
condensation  of  steam  is  thus  the  major  cause 
of  the  vacuum,  but  the  air  ejectors  are  required 
to  help  establish  the  initial  vacuum  and  then  to 
assist  in  maintaining  vacuum  while  the  plant  is 
operating.  \ 
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When  the  temperature  of  the  outside  sea 
water  is  relatively  high,  the  condenser  tubes  are 
relatively  warm  and  heat  transfer  is  retarded. 
For  this  reason,  a  ship  qperating  in  warm  trop- 
ical waters  cannot  develop  as  high  a  vacuum  in 
the  condenser  as  the  same  ship  cpuld  develop 
when  operating  in  colder  waters. 

Two  basic  rules  that  apply  to  the  operation 
of  single-pass' main  condensers  should  be  kept 
in  mind.  The  first  is  that  the  OVERBOARD  TEM- 
PERATURE should  be  about  10^  higher  than  the 
INJECTION  TEMPERATURE.  The  second  rule 
is  that  the  condensate  discharge  temperature 
should  be  within  a  few  degrees  of  the  temperature 
corresponding  to  the  vacuum  in  the  condenser. 
The  accompanying  chart  lists  vacuums  (based  on 
a  30.00-inch  barometer)  and correspondingtem- 
peratures. 

Correspondiiu: 
Inches  of  Mercury  Temperature  {  F) 

29.6   .  53 

29.4   84 

29.2   72 

29.0   79 

28.8   85 

28.6   .  90 

28.4   94 

28.2   98 

28.0   101 

27.8   104 

27.6   107 

A  main  condenser  is  shown  in  cutaway  view 
in  figure  13-1.  Aslightly  different  main  con- 
denser is  shown  in  outline  drawing  in  figure  13-2. 
The  operating  principles  of  the  two  condensers 
are  identical  except  for  minor  details. 

Li  any  main  condenser,  there  are  two  separate 
circuits.  The  first  is  the  vapor-condensate 
circuit  in  which  the  exhaust  steam  enters  the  con- 
denser at  the  top  of  the  shell  and  is  condensed  as 
it  comes  in  contact  with  the  outer  surfaces  of  the 
condenser  tubes.  The  condensate  thenfidls  to  the 
bottom  of  the  condenser,  drains  into  a  space 
called  the  hot  well,  and  is  removed  by  the  con- 
densate pump.  Air  and  other  noncondensaUe 
gases  tliat  enter  with  the  exhaust  steam  or  that 
otherwise  find  their  way  into  the  condenser  are 
drawn  off  by  the  air  ejector  through  the  air 
ejector  suction  opening  in  the  shell  of  the  con- 
denser, above  the  condensate  level. 

The  second  circuit  Is  the  circulating  water 
circuit.  During  normal  ahead  operation,  a  scoop 


injection  system^  provides  automatic  flow  of  sea 
water  through  tlie  condenser.  The  scoop,  which 
is  qpen  to  the  sea,  directs  the  sea  water  into  the 
injection  piping;  from  there,  the  water  flows  into 
an  inlet  water  chest,  flows  once  through  the  tubes, 
goes  into  a  discharge  water  chest,  and  then  goes 
overboard  tlurough  a  main  overboard  3ea  chest. 
A  main  circulating  pump  provides  positive  cir- 
culation of  sea  water  through  the  condenser  at 
times  when  the  scoop  injection  system  is  not  ef- 
fective—when  the  ship  is  stopped,  backing  down, 
or  moving  ahead  at  very  low  speeds. 

All  main  condensers  tliat  have  scoop  injec- 
tion are  of  the  straight-tube,  single-pass  type. 
A  main  condenser  may  contain  from  2000 
to  10,000  copper-nickel  alloy  tubes.  The  length 
of  the  tubes  and  the  number  of  tubes  depend  upon 
the  size  of  the  condenser;  and  this,  in  turn,  de- 
pends upon  the  capacity  requirements.  The  tube 
ends  are  e^qpanded  into  a  tube  sheet  at  the  inlet 
end  and  es^anded  or  packed  into  a  tube  sheet  at 
the  outlet  end.  The  tube  sheets  serve  as  parti- 
tions between  the  vapor-condensate  circuit  and 
the  cix^ulating  water  (sea  water)  circuit. 

Various  methods  of  construction  are  used  to 
provide  for  relative  esqpansion  and  contraction  of 
the  shell  andthetubes  in  main  condensers.  Pack- 
ing the  tubes  at  the  outlet  end  sometimes  makes 
sufficient  provision  for  e3q[)ansion  and  contrac- 
tion. Where  the  tubes  are  expanded  into  each  tube 
sheet,  the  shell  may  have  an  expansion  joint.  Ex- 
pansion Joints  are  also  provided  in  the  scoop  in- 
jection line  and  in  the  overboard  discharge  line. 
Additional  means  .such  as  flexible  support  feet 
or  lubricated  sliding  feet  are  provided  to  com- 
pensate for  e^ansion  and  contraction  differen- 
tials between  the  shell  and  the  condenser  sup- 
porting structure. 

As  shown  in  figure  13-3,  a  central  steam  lane 
extends  from  the  top  of  the  condenser  all  the  way 
through  the  tube  bundle,  down  to  the  hot  well.  The 
exhaust  steam  which  reaches  the  hot  well  through 
this  steam  lane  tends  to  be  drawn  under  the  tube 
bundle  toward  the  sides  of  the  condenser  shell, 
in  the  general  direction  of  the  air  cooling  sec- 
tions, thus  sweeping  out  any  air  which  would 
otherwise  tend  to  collect  in  the  hot  well.  Part  of 
the  steam  which  is  drawn  through  the  hot  well 


^  A  major  advantage  of  aooop  injection  is  that  it  pro- 
vides a  flow  of  cooling  water  at  a  rate  which  is  con- 
trolled the  speed  of  the  ship  and  hence  is  automat- 
ically oonreot  for  various  conditions.  Scoop  injection 
is  standard  for  naval  combatant  ships  and  for  many 
of  the  newer  auxiliary  ships. 
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Figure  13-l.»Cutaivay  view  of  main  condenser. 


under  the  tube  bundle  is  condensed  by  the  con- 
densate dripping  from  the  condenser  tubes.  In 
this  process,  the  condensate  (which  has  been 
subcooled  by  its  contact  with  the  cold  tubes)  tends 
to  become  reheated  to  a  temperature  which  ^- 
proaches  the  condensing  temperature  corre- 
sponding to  the  vacuum  maintained  in  the  hot  well. 
The  difference  between  the  temperature  of  the 
condensate  discharge  and  the  condensing  tem- 
perature corresponding  to  the  vacuum  maintained 
at  the  exhaust  steam  inlet  to  the  condenser  is 
called  the  condensate  depression.  One  measure 
of  the  efficiency  of  design  and  operation  of  any 
condenser  is  its  ability  to  maintain  the  conden- 
sate depression  at  a  reasonably  low  value  under 
all  normal  conditions  of  operation.  Excessive 
condensate  depression  decreases  the  operating 
efficiency  of  the  plant  because  the  subcooled  con- 


densate must  be  reheated  in  the  feed  system,  with 
a  consequent  eiqpenditure  of  steam.  Excessive 
condensate  depression  also  allows  an  increased 
absorption  of  air  by  the  condensate,  and  this  air 
must  be  removed  in  order  to  prevent  oxygen  cor- 
rosion of  piping  and  boilers. 

Main  condensers  have  various  internal  baffle 
arrangements  for  the  purpose  of  separating  air 
and  steam  so  that  the  air  ejectors  will  not  be 
overloaded  by  having  to  pump  large  quantities  of 
steam  along  with  tlie  air.  Air  cooling  sections 
and  air  baffles  may  be  seen  in  figure  13-3. 

In  some  installations  the  condenser  is  hung 
from  the  low  pressure  turbine  in  such  a  way  that 
the  turbine  supports  the  condenser.  Where  this 
type  of  installation  is  used,  sway  braces  are  used 
to  connect  the  lower  part  of  the  condenser  shell 
with  the  ship's  structure.  Spring  supports  are 
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Figure  13-3.— Cross-sectional  vie:w  of  main  condenser. 
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sometimes  used  to  support  part  of  the  weight  of 
the  condenser  so  that  it  will  not  have  to  be  en- 
tirely supported  by  the  turbine. 

Condenser  performance  may  be  evaluated  by 
-  a  simple  energy  balance  which  takes  accoimt  (rf 
all  energy  entering  and  leaving  the  condenser. 
In  theory  y  the  enter  ing  side  of  the  balance  should 
include  (1)  the  mechanical  kinetic  energy  of  the 
entering  steam,  (2)  the  thermal  energy  of  the  en- 
terhig  steam,  (3)  the  mechanical  kinetic  energy 
of  the  entering  sea  ivater,  and  (4)  the  thermal 
energy  of  the  entering  sea  water.  In  theory,  again, 
the  leaving  side  of  the  balance  shoidd  include  (1) 
the  mechanical  khietic  energy  of  the  leaving  con- 
densate, (2)  the  thermal  energy  of  the  leaving 
condensate,  (3)  the  mechanical  kinetic  energy  of 
the  leaving  sea  water,  and  (4)  the  thermal  energy 
of  the  leaving  sea  water.  In  considering  real  con- 
densers, however,  the  entering  and  leaving  me- 
chanical kinetic  energies  of  the  sea  water  tend 
to  be  small  and  tend  to  cancel  each  other  out,  the 
mechanical  kinetic  energy  of  the  entering  steam 
is  so  small  as  to  be  negligiUe,  and  the  mechan- 
ical kinetic  energy  of  the  leaving  condensate  is 
small  enough  to  disregard.  With  all  of  these  rel- 
atively insignificant  quantities  omitted,  the  en- 
tering side  of  the  balance  includes  only  the  ther- 
mal energy  of  the  enteringsteain  and  the  thermal 
energy  of  the  entering  sea  water,  and  the  leaving 
side  includes  only  the  thermal  energy  of  the 


leaving  condensate  and  the  thermal  energy  of  the 
leaving  sea  water. 

AIR  EJECTOR  ASSEMBLIES 

The  function  of  air  ejectors  is  to  remove  air 
and  other  noncondensaUe  gases  from  the  con- 
denser. An  air  ejector  is  a  type  of  Jet  pump, 
having  no  moving  parts.  The  flow  through  the  air 
ejector  is  maintained  by  a  Jet  of  high  velocity 
steam  passing  through  a  nozzle.  The  steam  is 
taken  from  the  ISO-psi  auxiliary  steam  system 
on  most  ships. 

The  air  ejector  assembly  (fig.  13-4)  used  to 
remove  adr  from  the  main  condenser  usually  con- 
sists of  a  first-stage  air  ejector,  an  inter  con- 
denser, a  second-stage  air  ejector,  and  an  after 
condenser.  The  two  air  ejectors  operate  in  se- 
ries. The  f  hrst-stage  air  ejector  raises  the  pres- 
sure from  about  1.5  inches  of  mercury  abscflute 
(condenser  pressure)  to  about  7  inches  of  mer- 
cury absolute;  the  second-stage  air  ejector 
raises  the  pressure  from  7  inches  of  mercury 
absolute  to  about  32  inches  of  mercury  absolute 
(about  1  psig). 

The  fhrst-stage  air  ejector  takes  suction  on 
the  main  condenser  and  discharges  the  steam-air 
mixture  to  the  inter  condenser,  where  the  steam 
content  of  the  mixture  is  condensed.  The  result- 
ing condensate  drops  to  the  bottom  of  the  inter 
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Figure  13-4.— Two-stage  air  ejector  assembly. 
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condenser  shell,  and  from  there  it  drains  to  the 
condenser  through  a  U-shaped  loop  seal  line.  The 
air  passes  to  the  suction  of  the  second-stage  air 
ejector  y  where  another  Jet  of  steam  entrains  the 
air  and  carries  it  to  the  after  condenser.  In  the 
after  condenser ,  the  steam  is  condensed  and  re- 
turned to  the  condensate  system  by  way  of  the 
fresh  water  drain  collecting  tank,  and  the  air  is 
vented  to  atmosphere. 

Note  that  the  air  ejectors  remove  air  only 
from  the  condenser,  not  from  the  condensate 
which  passes  through  the  tubes  of  the  inter  and 
after  condensers.  The  condensate  merely  serves 
as  the  cooling  medium  in  these  condensers  Just 
as  it  next  serves  this  purpose  in  the  g^and  exhaust 
condenser  and  in  the  vent  condenser. 

GLAND  EXHAUST  CONDENSER 

The  gland  eadiaust  condenser  receives  a 
steam-air  mixture  from  the  propulsion  turbine 
glands.  The  steam  is  condensed  and  returned  to 
the  condensate  system  by  way  of  the  fresh  water 
drain  collecting  tank,  and  the  air  is  discharged 
to  atmosphere.  The  atmospheric  vent  is  usually 
connected  to  the  suction  of  a  small  motor-driven 
fan  (c^and  exhauster),  which  provides  a  positive 


discharge  through  piping  to  the  atmosphere  above 
decks.  This  is  necessary  to  avoid  filling  the 
engineroom  with  steam  should  the  air  ejector 
cooling  water  svppty  fail,  thereby  allowing  the 
steam  to  pass  through  the  inter  condenser  and 
after  condenser  without  being  condensed.  The 
cooling  medium  in  the  c^and  exhaust  condenser, 
as  in  the  air  ejector  condensers,  is  condensate 
from  the  main  condenser,  on  its  way  to  the  de- 
aerating  feed  tank. 

Li  most  installations,  the  gland  exhaust  con- 
denser appears  to  be  part  of  the  air  ejector  as- 
sembly, since  it  is  attached  to  the  after  con- 
denser. However,  the  g^and  exhaust  condenser 
is  functionally  a  separate  unit  even  though  it  is 
physically  attached  to  the  air  ejector  after  con- 
denser. 

Li  serving  as  the  cooling  medium,  in  the  air 
ejector  condensers  and  in  the  gland  exhaust  con- 
denser, the  condensate  picks  up  a  certain  amount 
of  heat.  To  some  extent  this  is  desirable,  since 
it  saves  heat  which  would  otherwise  be  wasted 
and  it  reduces  the  amount  of  steam  required  to 
heat  the  condensate  in  the  deaerating  feed  tank. 
However,  overheating  of  the  condensate  could 
result  in  inefficient  operation  of  the  air  ejectors 
and  consequent  loss  of  vacuum  in  the  main 
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condenser.  To  avoid  this  difficulty,  provision  is 
made  for  returning  some  of  the  condensate  to  the 
main  condenser  when  the  condensate  reaches  a 
certain  temperature.  As  a  rule,  the  recirculat- 
ing line  branches  off  the  condensate  line  Just  after 
the  gland  exhaust  condenser.  In  most  installa- 
tions, the  recirculating  valve  in  this  recirculat- 
ing line  is  thermostatically  operated. 

VENT  CONDENSER 

The  vent  condenser  is  actually  a  part  of  the 
deaerating  feed  tank,  being  installed  in  the  tank 
near  the  top,  ft  is  described  separately  here 
because  it  is  functionally  quite  separate  from  the 
deaerating  feed  tank. 

In  the  vent  condenser,  as  in  the  air  ejector 
condensers  and  the  gland  exhaust  condenser, 
condensate  on  its  way  from  the  main  condenser 
to  the  deaerating  feed  tank  is  used  to  cool  and 
condense  the  steam  from  a  steam-air  mixture. 
The  vent  condenser  receives  steam  andair from 
the  deaerating  feed  tank.  The  steam  condenses 
into  water,  which  falls  toward  the  bottom  of  the 
tank.  The  air  goesto  the  gland  exhaust  condenser 
and  is  vented  to  atmosphere.  The  condensate 
which  is  used  as  the  cooling  medium  in  the  vent 
condenser  is  sprayed  out  intothe  deaerating  feed 
tank  and  is  deaerated  before  being  used  as  boiler 
feed. 

DEAERATING  FEED  TANK 

The  deaerating  feed  tank  serves  to  heat,  de- 
aerate,  and  store  feed  water.  The  water  is  heated 
by  direct  contact  with  auxiliary  exhaust  steam 
which  enters  the  tank  at  a  pressure  JustslighUy 
greater  than  the  pressure  in  the  tank.  The 
deaerating  feedtank  is  usually designedto (Oper- 
ate at  a  pressure  of  about  ISpsigand  to  heat  the 
water  to  between  240''  and  250'''  F. 

One  type  of  deaerating  feed  tank  is  shown  in 
figure  13-5.  Condensate  enters  the  tank  through 
the  tubes  of  the  vent  condenser  and  is  forced  out 
through  a  number  of  spray  valves  in  a  spray  head. 
The  spray  valves  dischaurge  the  condensate  in  a 
fine  spiaythroughout  the  steam- filled  upper  sec- 
tion of  the  deaerating  feed  tank.  The  very  small 
droplets  of  water  are  heated,  scrubbed,  andpar- 
tially  deaerated  by  the  relatively  air-free  steam. 
As  the  steam  gives  up  its  heat  to  the  water,  much 
of  the  steam  is  condensed  into  water.  The 
droplets  of  water  (including  both  the  entering 
condensate  sprayed  out  from  the  vent  condenser 
and  the  steam  condensed  in  the  deaerating  feed 


tank)  are  collected  in  a  cone-shaped  baffle  which 
leads  them  through  a  central  port,  to  the 
deaerating  unit. 

Steam  enters  the  deaerating  unit,  picks  iq)  the 
partially  deaerated  water,  and  throws  ittangen- 
tially  outward  through  the  curving  baffles  of  the 
deaerating  unit.  Inthisproce9s,  the  water  is  even 
more  finely  divided  and  is  throughly  scrubbed  by 
the  incoming  steam.  Thus  the  last  traces  of  dis- 
solved oxygen  are  removed  from  the  water.  Since 
the  water  enters  the  deaerating  unit  at  saturation 
temperature,  tiaving  already  been  heated  by  the 
steam  in  the  upper  part  of  the  deaerating  feed 
tank,  the  incoming  steam  does  not  condense  to 
any  marked  degree  in  the  deaerating  unit. 
Therefore  all  (or  practically  all)  of  the  incoming 
steam  is  avaUable  for  breaking  up,  scrubbing, 
and  deaerating  the  water. 

The  thoroughly  deaerated  water  foils  intothe 
storage  space  at  the  bottom  of  the  tank,  where  it 
remains  under  a  blanket  of  air-free  steam  until 
it  is  pumped  to  the  boilers.  Meanwhile,  the  mix- 
ture of  steam  plus  air  and  other  noncondensable 
gases  travels  over  the  spray  head  (where  much 
of  the  steam  is  condensed  as  it  heats  the  incom- 
ing condensate)  and  over  the  tubes  of  the  vent 
condenser  (where  more  steam  is  condensed  into 
water  which  then  goes  into  the  deaerating  unit). 
The  air  and  other  noncondensable  gases,  together 
with  a  little  remaining  steam,  go  to  the  gland  ex- 
haust condenser. 

As  shown  in  figure  13-5,  the  deaerating  feed 
tank  has  a  recirculating  connection  that  allows 
water  to  be  sent  back  to  the  condenser  from  the 
deaerating  feed  tank.  The  recirculating  line  is 
used  to  provide  a  high  enough  condensate  level 
in  the  condenser  so  that  the  condensate  pump  can 
take  suction.  The  recirculating  line  is  also  used 
at  slow  speeds  and  when  the  plant  is  first  started 
up  to  ensure  a  sufficient  siq;>ply  of  cooling  con- 
densate to  the  air  ejector  condensers  and  to  the 
g^and  exhaust  condenser  and  to  keep  the  deaerat- 
ing feed  tank  at  the  prescribed  temperature. 

The  deaerated  feed  water  from  the  deaerat- 
ing feed  tank  is  pumped  to  the  boiler  by  the  feed 
booster  pumpi  and  the  main  feed  pump.  The  feed 
booster  pump  takes  suction  from  the  bottom  of 
the  deaerathig  feed  tank  and  discharges  to  the 
suction  Bide  of  the  main  feed  pump.  The 
feed  booster  pump  provides  a  positive  suction 
pressure  for  the  main  feed  pump  and  thus  pre- 
vents the  hot  water  from  flashing  into  steam  at 
the  main  feed  pump  suction.  The  main  feed 
pump  operates  at  variable  speed  in  order  to 
maintain  a  constant  discharge  pressure  under  all 
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conditions  of  load.  The  discharge  pressure  of  the 
main  feed  pump  Is  considerably  higher  than  the 
pressure  carried  In  the  boiler  steam  drum.  Pro- 
vision Is  made  for  the  recirculation  of  water 
from  the  main  feed  pump  discharge  back  to  the 
deaeratlng  feed  tank.  In  order  to  protect  the  pump 
from  overheating  at  very  low  capacity, 

SAFETY  AND  CASUALTY  CONTROL 

In  the  event  of  a  casualty  to  a  component  part 
of  the  propulsion  plant,  the  principal  doctrine  to 
be  Impressed  upon  operating  personnel  Is  the 
prevention  of  additional  or  major  casualties, 
under  normal  operating  conditions,  thesafetyo! 
personnel  and  machinery  should  be  given  first 
consideration.  Where  practicable,  thepropulslon 
plant  should  be  kept  in  operation  by  means 
of  standby  pumps,  auxiliary  machinery,  and 
piping  systems.  The  Important  thing  is  to  prevent 
minor  casualties  from  becoming  major  cas- 
ualties, even  if  it  means  suspending  the  opera- 
tion of  the  propulsion  plant.  It  is  better  to  stop 
the  main  engines  for  a  few  minutes  than  to  put 
them  completely  out  of  commission,  so  that 
major  repairs  are  required  to  place  them  back 
into  operation.  In  case  a  casualty  occurs,  theof- 
ficer  or  CPO  in  charge  of  the  watch  should  be 
notified  as  soon  as  possible;  he  in  turn  must 
notify  the  GOD  if  there  wlU  be  any  effect  on  the 
ship's  speed  or  on  the  ability  to  answer  bells, 

LOSS  OF  VACUUM 

The  major  causes  of  a  loss  of  vacuum  are: 
excessive  air  leakage  into  the  vacuum  system. 
Improper  functioning  of  the  air- removal  equip- 
ment. Improper  drainage  of  condensate  from  the 
condenser,  Insufficient  flow  of  circulating  water, 
and  high  injection  temperature, 

1,  EXCESSIVE  AIR  LEAKAGE  INTO  THE 
VACUUM  SYSTEM  may  be  caused  by: 

a.  Insufficient  gland  sealing  steam. 

b.  Vent  valve  oh  idle  condensate  pump 
open, 

c.  Loop-seal  fiUing  valve  open, 

d.  Bypass  valve  on  drain  tank  open, 

e.  Drain  tank  float  valve  stuck  open, 

f.  Taking  make-up  feed  from  empty  feed 
bottom, 

g.  Leakage  of  flanges,  fittings,  or  valve 
stem  packings  under  vacuum, 

2,  IMPROPER  FUNCTIONING  OFTHEAIR- 
J         REMOVAL  EQUIPMENT  may  be  due  to: 

a,  bisufficient  steam  to  the  air  ejectors. 


b.  Foreign  matter  lodged  in  theairejec-  ; 
tor  nozzle(s), 

c.  Erosion  of  the  air  ejector  nozzle,  over  ^ 
a  period  of  time,  I 

3,  IMPROPER   DRAINAGE  OF  CONDEN- 
SATE FROM  THE  CONDENSER  may  be  \ 
caused  by: 

a.  Low  speed  of  condensate  pump,  indi- 
cating malfunctioning  of  the  pump's 
speed- limiting  governor, 

b.  Condensate  pump  air-bound  because 
of  the  vent  connection  from  the  first 
stage  being  closed  or  not  opened  wide, 

4,  INSUFFICIENT  FLOW  OF  CIRCULATING 
WATER  may  be  caused  by: 

a.  Improper  adjustment  of  the  overboard 
discharge  valve  (the  main  injection 
valve  being  wide  open  whenever  the 
condenser  Is  under  vacuum),  j 

b.  Inadequate  speed  of  the  main  circulat-  j 
ing  pump, 

c.  Plugged  tubes,  resulting  from  mud, 
shells,  small  fish,  or  kelp  being 
trapped  against  the  Injection  strainer 
bars  or  in  the  inlet  water  chest, 

d.  Air  trapped  in  condenser, 

5,  HIGH  INJECTION  TEMPERATURE 

Basically,  the  Injection  temperature  limits  \ 

the  maximum  vacuum  (minimum  absolute  pres-  • 

sure)  obtainable  in  a  specific  plant,  assuming  the  ; 

condenser,  associated  equipment,  and  piping  ; 

under  vacuum  to  be  cleanandproperlyoperated,  : 

Whenever  there  is  a  loss  of  vaccum,  the  first  \ 

step  in  correcting  the  trouble  is  to  locate  the  I 

cause  of  the  casu^ty.  The  major  possible  causes  i 

are  so  numerous  that  no  attempt  wiUbemade  to  | 

list  the  proper  action  required  for  each  one.  The  | 
required  action  may  be  very  simple,  such 
as  closing  the  loop  seal  filling  valve,  or  it  may 
be  much  more  complicated,  such  as  leaning  the 
main  condenser  or  replacing  air  ejector  nozzles, 

SALT  WATER  LEAKAGE 
INTO  CONDENSER 


If  a  condenser  salinity  indicator  shows  a  rise 
in  the  chloride  content,  thesource  of  the  contam- 
ination must  be  determined  immediately.  To  lo- 
cate these  sources,  test  the  fresh  water  from 
different  units  in  the  system  by  checking  the 
proper  salinity  indicators  (if  instaUed)  and  Iqr 
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maldng  chemical  chloride  tests.  There  are  four 
major  causes  of  a  salty  condenser: 

1.  Leaicy  tube(s)  in  the  condenser. 

2.  Make-up  feed  tank  salted  up. 

3.  Low  pressure  drain  tank  salted  up. 

4.  Leaky  feed  suction  and  drain  lines  which 
nm  through  the  bilges. 

Each  of  the  aforementioned  possibilities  must 
be  investigated  to  determine  the  source  of  the 
contamination  and  its  elimination. 

If  it  is  determined  that  there  is  a  minor  leak 
in  the  condenser  and  the  ship's  prospective  ar- 
rival time  is  less  than  24 hours,  the  affected  plant 
win  probably  be  continued  in  operation.  Isolate 
the  condensate  system,  and  limit  the  number  of 
boilers  on  the  engine  involved.  When  operating 
under  these  conditions  it  will  be  necessary  to 
blow  down  the  boiler(s)  as  necessary,  to  keep  the 
boUer  salinity  within  the  specified  limit.  How- 
ever, if  the  leak  is  serious,  secure  the  plant  and 
locate  the  leaks. 

If  leaky  tubes  are  found,  they  must  be 
plugged  so  that  the  condenser  can  be  kept  in 
service.  Plugs,  whichareftirnishedbythe  manu- 
facturer, should  be  driven  into  the  tube  ends  with 
light  hammer  blows.  If  it  becomes  necessary  to 
plug  tube  sheet  holes  after  a  tube  has  been  re- 
moved, a  short  section  of  tube  should  be  esqpanded 
into  the  tube  hole  before  the  tube  plug  is  inserted; 
this  wUl  protect  the  tube  holes  from  damage. 

Plugged  tubes  should  be  renewed  during  the 
next  shipyard  availability  if  the  water  chests  are 
removed  for  other  work;  or  if  more  than  10  per- 
cent of  the  tubes  are  plugged,  a  retublng  request 
shoidd  be  submitted,  via  the  type  commander,  to 
NavShips. 

For  the  procedure  in  locating  and  plugging 
leaking  condenser,  tubes,  refer  to  either  the 
manufacturer's  technical  manual  for  the  specific 
equipment  or  chapter  9460  of  NavShips  Technical 
Manual.  

AIR  EJECTOR  ASSEMBLY 
CONTROL  AND  SAFETY 

In  order  to  provide  for  continuous  operation, 
two  sets  of  nozzles  and  dlffusers  are  furnished 
for  each  stage  of  the  air  ejectors.  Only  one  set 
is  necessary  for  operation  of  the  plant;  the  other 
set  is  maintained  readyforuse  in  case  of  damage 
or  unsatisfactory  operation  of  the  set  in  use.  The 
sets  can  be  used  simultaneously  when  excessive 
air  leakage  into  the  condenser  necessitates 
additional  pumping  capacity. 


Before  starting  a  steam  air  ejector,  the  steam 
line  should  be  drained  of  all  moisture;  moisture 
in  the  steam  will  cut  the  nozzles,  and  slugs 
of  water  will  cause  imstable  operation. 

Before  cutting  steam  into  the  air  ejectors, 
make  sure  that  sufficient  cooling  water  is  flow- 
ing through  the  condenser  and  that  the  condenser 
has  been  properly  vented. 

The  loop  seal  line  must  be  kept  airtight,  an 
air  leak  may  cause  all  water  to  drain  out  of  the 
seal. 

If  it  is  necessary  to  operate  both  sets  of  air 
ejectors  to  maintain  proper  condenser  vacuum, 
air  leakage  is  indicated.  It  is  more  desirable 
to  eliminate  the  air  leakage  than  to  operate  two 
sets  of  air  ejectors. 

Unstable  operation  of  an  air  ejector  may  be 
caused  by  any  of  the  following:  the  steam  pres* 
sure  may  be  lower  than  the  designed  amount,  the 
steam  temperature  and  quality  may  be  different 
than  design  condition,  there  may  be  scale  on  the 
nozzle  surface,  the  position  of  the  steam  nozzle 
may  not  be  right  in  relation  to  the  diffuser,  or 
the  condenser  drains  may  be  stoived  up. 

Difficulties  due  to  low  pressure  are  generally 
caused  by  improper  functioning  or  improper  ad- 
justment of  the  steam  reducing  valve  supplying 
motive  steam  to  the  air  ejector  assembly.  It  is 
essential  that  DRY  steam  at  FULL  operating 
pressure  be  supplied  to  the  air  ejector  nozzles. 

Erosion  of  fouling  of  air  ejector  nozzles  is 
evidence  that  wet  steam  is  being  admitted  to  the 
unit.  Faulty  nozzles  make  it  impossible  to  oper- 
ate the  ejector  tmder  high  vacuum.  In  some  in- 
stances, the  nozzles  may  be  clogged  with  grease, 
boiler  compound,  or  some  other  deposit  which 
will  decrease  the  jet  efficiency. 

DEAERATING  FEED  TANK 
CONTROL  AND  SAFETY 

During  normal  operation,  the  only  control 
necessary  is  maintaining  the  proper  water  level. 
(On  some  of  the  newer  ships,  this  is  done  with 
automatic  control  valves.)  If  the  water  level  is 
too' high,  the  tank  cannot  properly  remove  the 
air  and  noncondensable  gases  from  the  feed 
water.  A  low  water  level  may  endanger  the  main 
feed  booster  pumps,  the  main  feed  pumps,  and 
the  boilers. 

Deaerating  feed  tanks  remove  gases  from  the 
feed  water  by  using  the  principle  that  the  solu- 
bility of  gases  in  feed  water  approaches  zero 
when.  tbe  water  temperature  approaches  the  boil- 
ing point.  During  operation,  steam  and  water  are 


365 


PRINCIPLES  OF  NAVAL  ENGINEERING 


mixed  by  spraying  the  water  so  that  It  comes  In 
contact  with  steam  from  the  auxiliary  exhaust 
line.  The  quantity  of  steam  must  always  be  pro- 
portional to  the  quantity  of  water,  otherwise, 
faulty  operation  or  a  casualty  will  result. 

Overfilling  the  deaerating  tank  may  upset  the 
steam- water  balance  and  cool  the  water  to  such 
an  eictent  that  Ineffective  deaeratlon  will  take 
place.  Overfilling  the  deaerating  tank  also  wastes 
heat  and  fuel.  The  excess  water,  which  will  have 
to  run  down  to  the  condenser,  wlllbecooled^and 
when  It  re  enters  the  deaerating  tank,  mOBe  steam 
will  be  required  to  reheat  It.  If  an  excessive 
amount  of  cold  water  enters  the  deaerating  feed 
tank,  the  temperature  drop  In  the  tank  will  cause 
a  corresponding  drop  In  pressure.  As  the  deaer- 
ating feed  tank  pressure  drops,  more  auxiliary 
exhaust  steam  enters  the  tank.  This  reduces  the 
auxiliary  exhaust  line  pressure,  which  causes  the 
augmenting  valve  (150  psl  line  to  auxiliary 
exhaust  line)  to  open  and  bleed  live  steam  Into  the 
deaerating  feed  tank. 

When  an  excessive  amount  of  cold  water  sud- 
denly enters  the  deaerating  feed  tank,  a  serious 
casualty-  may  result.  The  large  amount  of  cold 
water  will  cool  (quench)  the  upper  area  of  the  de- 
aerating feed  tank  and  condense  the  steam  so  fast 
that  the  pressure  Is  reduced  throughout  the  de- 
aerating feed  tank.  This  pernilts  the  hot  conden- 
sate In  the  lower  portion  of  the  deaerating  feed 
tank  and  feed  booster  pump  to  boll  or  flash  into 
vapor  causing  the  booster  pump  to  lose  suction 
until  the  pressure  is  restored  and  the  boiling  of 
the  condensate  ceases.  With  a  loss  of  feed 
booster  pump  pressure,  the  malnfeed  pump  suc- 
tion is  reduced  or,  lost  entirely,  causing  serious 
damage  to  the  feed  pump  and  loss  of  feed  water 
supply  to  the  boller(s).  Some  of  the  newer  ships 
have  safety  devices  histalled  on  the  main  feed 
pumps  which  will  stop  the  main  feed  pump  when 
a  partial  or  total  loss  of  main  feed  booster  pres- 
sure occurs. 

The  mixture  of  condensate,  drains,  and  make- 
up feed  water,  constituting  the  Uilet  water  to  the 
deaerating  tank,  enters  through  the  tubes  of  the 
vent  condenser.  The  condensate  pump  discharge 
pressure  forces  the  water  through  the  spray 
valves  of  the  spray  head  and  discharges  It  in  a 
fbie  spray  throughout  the  steam  filled  top  or 
preheater  section  of  the  deaerating  feed  tank. 

If  a  spray  nozzle  sticks  open,  or  if  a  spray 
nozzle  spring  is  broken,  the  flow  from  the  nozzle 
will  not  be  in  the  form  of  a  spray  and  the  result 
will  be  ineffective  deaeratlon.  This  condition 
cannot  be  discovered  except  by  analysis  of  the 


feed  water  leaving  the  deaerating  feed  tank,  or 
by  InspectUig  the  spray  nozzles. 

Inspection  of  the  spray  nozzles  should  be 
scheduled  at  frequent  Intervals. 

In  most  deaerating  feed  tanks,  the  manhole 
provides  access  for  the  inspection  of  spray 
nozzles;  other  tanks  are  so  designed  that  the 
spray  nozzle  chamber  and  the  vent  condenser 
must  be  removed  In  order  to  Inspect  the  nozzles. 

Complete  Information  on  constructing  and 
using  a  test  rig  for  spray  valves  can  be  found  in 
chapter  9560  of  NavShlps  Technical  Manual. 

SAFETY  PRECAUTIONS 
FOR  CONDEI^ERS 

When  opening  a  main  condenser  for  cleaning 
or  inspection,  or  when  testing  a  main  condenser, 
there  are  several  safety  precautions  that  must 
be  observed.  The  following  procedures  and  pre- 
cautions, when  carried  out  properly,  will  help 
prevent  casualties  to  personnel  and  machinery: 

1.  Before  the  salt  water  side  of  a  condenser 
is  opened,  all  sea  connections.  Including  the  main 
injection  valve,  circulating  pump  suction  valve, 
and  main  overboard  valve,  are  to  be  closed  tightly 
and  secured  against  accidental  opening  with  wire, 
and  tagged,  DO  NOT  OPEN,  and  signed  by 
the  person  tagging  the  valve.  Tills  is  necessary 
to  avoid  the  possibility  of  flooding  an  englneroom. 
Safety  gates,  where  provided,  are  to  be  installed* 

2.  On  condenser  having  electrically  operated 
injection  and  overboard  valves,  the  electrical 
circuits  serving  these  motors  are  to  be  opened 
and  tagged  to  prevent  accidentally  energizing 
these  circuits. 

3.  Before  a.  manhole  or  handhole  plate  is  re- 
moved, drain  the  saltwater  side  of  the  condenser 
by  using  the  drain  valve  provided  in  the  Inlet 
water  box.  This  Is  done  to  make  sure  that  all  sea 
connections  are  tightly  closed. 

4.  If  practicable,  inspection  plates  are  to  be 
replaced  and  secured  before  woricls  discontinued 
each  day. 

5.  Never  subject  condensers  to  a  test  pres- 
sure in  excess  of  15  pslg. 

6.  When  testing  for  leaks,  do  not  stop  because 
one  leak  Is  found.  The  entire  surface  of  both  tube 
sheets  must  be  checked,  as  other  leaks  may  exist. 
Determine  whether  each  leak  Is  In  the  tube  joint 
or  in  the  tube  wall,  so  that  the  proper  repairs  can 

^  be  made. 

7.  There  is  al^vays  a  possibility  that  hydro- 
gen or  other  gases  may  be  present  in  the  steam 
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or  the  salt  water  side  of  a  condenser.  No  open 
flame  or  tool  which  might  cause  a  spark  should 
be  brought  close  to  a  newly  opened  condenser. 
Personnel  are  not  to  be  permitted  to  eucer  a 
newly  opened  condenser  until  it  tus  been 
thoroughly  blown  out  with  steam  or  air« 

8.  The  salt  water  side  of  a  condenser  must 
be  drained  before  flooding  of  the  steam  side  and 
must  be  kept  drained  until  the  steam  Bide  la 
emptied, 

9.  The  relief  valve  (set  at  15  psig)  mounted 
on  the  inlet  water  chest  is  to  be  lifted  by  hand 
whenever  condensers  are  secured, 

10.  If  a  loss  of  vacuum  is  accompanied  by  a 
hot  or  flooded  condenser,  the  units  exhausting 
into  the  condenser  must  be  slo^ved  or  stopped 
until  the  casualty  is  corrected.  Condensate  must 
not  be  allowed  to  collect  in  condenser  and  over- 
flow into  the  turbines  or  engines, 

11.  Condenser  shell  relief  valves  are  to  be 
lifted  by  hand  before  a  condenser  is  put  into  serv- 
ice. 

12.  No  permanent  connection  which  could 
subject  the  salt  water  side  to  a  pressure  in  ex-- 
cess  of  15  psigy  is  to  be  retained  between  any 
condenser  and  a  water  system. 


13«  No  permanent  connection  which  could 
allow  .salt  water  to  enter  the  steam  side  of  the 
condenser,  is  to  be  retained, 

14.  *X  est  \hv,  main  c'^rculating  pump  bilge  suc- 
tion, when  so  directed  by  the  engineer  officer.  To 
conduct  this  test,  it  is  generally  necessary  only 
to  start  the  main  circulating  pump,  open  the  bilge 
suction  line  stop  or  check  valve,  and  then  close 
down  on  the  sea  suction  line  valve  to  about  3/4 
closed,  or  uitil  the  maxin^um  bilge  suction 
capacity  is  ob'.;.'lned. 

MAIiVTENANCE 

Condensers,  lieat  exchangers  and  associated 
equipment  shoulr^  be  v^riodicaUy  tested  and  In- 
spoctec'.  to  enf'Ure  that  they  are  operating 
efficiently.  Preventive  maintenance  is  much 
more  economical  than  corrective  maintenance. 
All  preventive  nainlanancd  should  be  conducted 
in  accordance  with  the  3->M  System  (PM?  Sub- 
syacem).  As  an  exanriple^  figure  13-6  shows  two 
maintdnance  requirement  cards,  one  for  a  main 
qpndenser  and  the  other  for  a  deaerating  feed 
tank.  Note:  These  cards  contain  specific  infor- 
matiou  f^r  conducting  the  specified  preventive 
maintenance  actions. 
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PART  IV-AUXILIARY  MACHINERY 
AND  EQUIPMENT 

Chapter  14  Piping,  Fittings,  and  Valves 
Chapter  IS  Pumps  and  Forced  Draft  Blowers 
Chapter  16  Auxiliary  Steam  Turbines 
Chapter  17  Compressed  Air  Plants 
Chapter  18  DistUling  Plants 

Chapter  19  Refrigeration  and  Air  Conditioning  Plants 
Chapter  20  Shipboard  Electrical  Systems 
Chapter  21  Other  Auxiliary  Equipment 


The  chapters  included  in  this  part  of  the  text  deal  with  the  auxiliary 
machinery  and  equipment  of  the  shipboard  engineering  plant*  Some  of 
the  units  and  plants  described  here  are  directly  related  to  the  operation 
of  the  major  units  of  propulsion  machinery;  others  may  be  regarded  as 
supporting  systems.  Major  emphasis  in  this  part  of  the  text  is  on  the 
auxiliary  machinery  and  equipment  found  on  conventional  steam-driven 
ships;  however,  a  substantial  amount  of  the  information  given  here  applies 
also  to  ships  with  other  kinds  of  propulsion  plants. 

It  should  be  noted  that  diesel  engines,  gasoline  engines,  and  gas 
turbine  engines-all  of  which  may  be  used  to  drive  auxiliary  machinery 
and  equipment-are  not  included  here.  These  units  are  discussed  in  part 
V  of  this  text* 
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PIPING, FITTINGS,  AND  VALVES 


This  chapter  deals .witbpip6|tiibing|  fittlngaf; 
valvesi  and  related  coiQponents  that  make  iq;> 
the  shipboard  |>iping  systems  usedtor  the  trans- 
fer of  fluids.  The  general  arrangement  and  lay- 
out ctf  the  ^lajbr  eni^eerlng  piping  systems  Is 
dlscuslBed  In  chapter  9  of  thUi text;  in the^present 
ch^iteri  we  are  concfemed  with  certain j^actlcal 
aspects  of  pljptng  system  design  ahit;  ti>lih  the 
actual  piping  system  components-pi|»ei  tubing, 
fittlngSi  and  valves. 

DESIGN  CONSIDER  AtlQNS 

Each  piping  system  and  all  its  components 
must  be  deslgned.to  meet  the  particular,  condi- 
tions of  service  that  will  be  encountered  In 
actual  use.  The  nature  of  the  contained  fluid, 
the^  operating  pressures  and  tenqpieratures  of 
the  systemi  the  ainouht  ot  fluid  that  niust  be 
deliveredi  and  tiie  ;  required  rate  of  delivery 
are  some  of  the  factors  that  determine  the  ma- 
terials use^^  filings 
usedi  U^^^^  tid)lng|  and 

many^i^^  must 

slgniBKd  to^^^  aiicmi  for/ es^^ 
£||^cifll^  p^ 
iMri  tiu^^ 

wd  1^  In 
tlie  desj^  of  pi|d£|g  systems.  ^: 

^^  ;^vI1ie  r 
wrimgemei^^^^ 


iThe  tem  orw^^  a  spiksial  kind  of 

ti»mpe^^  Be- 

^;?ycJaM  ji^^  single 
oraepj^ifi^ 

;frteel^ld^no^  mbdeimv^n^^ 
W^^^^  temperate 


systems  are  covered  In  detail  by  contract 
specifications  and  by  a  nuniber  of  iflans  and 
thrawlngs.  The  Informaticm  given  here  is  not 
intended  as  a  detailed  listing  but  merely  as  a 
^general  guide  to  the  design  requirements  of 
'shipboard  piping  systems. 

All  shipboard  piping  is  installed  In  such  a 
way  that  it  will  not  interfere  with  the  operation 
of  the  ship's  machinery  or  with  the  operation 
of  doorSi  hatches,  scuttleSi  or  oponthgi  covered 
by  removaUe  plates.  As  far  as  posslUei  piping 
Is  Installed  so  that  it  will  not  Interfere  with  the 
maintenance  and  repair  of  machinery  or  of  the 
ship's  structure.  B  piping  must  6e  installed  In 
the  way  .  (tf  j  niac^ 

quires  periodic  dlsnuuitlln(i;  for  overhauli  or  if 
it  must  be  ;  Installed  ^  to  the  way  of  other  piping 
systems,  or  electrical  systemSi  the  piping  Is 
desiifned  j^br  easy  rem  Piping  that  is  vital 
to  the  propulsion  of  the  ship  Is  not  Installed 
^where .  it  "would  have  to  be  dismantled  In  order 
to  permit  :  routine  niaintem^  machinery 
or  other  systenos.  Plplng^^  l^  not  normally  in- 
stalled Ih.s^  a  v^y  as  to  pass  through  voids, 
ftiei/  dil  ^taiiiaSi  ballm  ta^  feed  tankSi  and 
similar  8^  ; 

Valye6|  vUnlbnS|  and  flanges  are  carefully 
located  to  pemlt  Isdatlon  of  sections  ot  piping 
with  the;  iMSt  possible  interference  to  the  con- 
tinued: operation  of  the  rest  of  the  system.  The 
type ;  of  ^  Valve « used  in  any  i>artlcular  location 
Is  sp^  ob  the  basis  of  the  service  con- 
dltlcms  to  be  Woiurtered.  For  enn^  gate 

vjplves  :  are;  ^widely  used  ^^^^^  locations  where 
tte  :  tulr^l  of  other 

;  tjpes  ml{^  be  detrimental  to  the 

:J  i  r^t^  and  l6w  points  are 

:  aybldM^^^  l^  l^lnts 

:imd'iow  dnUnSi 

or  - other  ibices  to  <ehinnre  prd^ 
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functioning  of  the  system  and  equipment  served 
bj  the  system. 

Various  Joints  are  used  in  shipboard  piping 
systems.  The  Joints  used  in  any  system  depend 
upon  the  piping  service,  the  pipe  size,  and  the 
construction  period  of  the  ship.  Older  nflval 
ships  have  threaded  flanges  in  low  pressure 
piphig;  rolled-ln  Joints  for  steel  piping  that  is 
too  large  for  the  tlireaded  flanges;  and  spelter- 
brazed  flanges  for  copper  and  brass  piping.  On 
new  construction,  welded  Joints  are  used  to  the 
-  maximum  practicable  extent  in  systems  that 
are  fabricated  of  carbon  steel,  alloy  steel, 
or  other  weldaUe  material.  On  both  older  and 
newer  ships,  flanged  Johits  made  upwithspecial 
gaskets  are  in  use. 

Components  welded  in  a  piping  system  must 
be  accessible  for  repair,  reseathig,  and  over- 
haul while  in  place;  they  are  so  located  that 
they  can  be  removed,  preheated,  rewelded,  and 
stress  relieved  vrhen  noajor  repairs  or  reidace- 
ments  are  necessary.  Complex  assemblies— 
for  example,  assemblies  of  valves,  strainers, 
and  traps  hi  high  pressure  drabi  systems— are 
designed  to  be  removable  as  a  groiv  if  they 
cannot  be  repaired  while  in  place  and  if  they 
req^ire  fireq^e^t  overhaul. 

Flanged  and  union  Joints  are  placed  where 
they  will  be  least  affected  by  piphig  sjnrtem 
stresses.  In  general,  thlisi  means  that  Johits  are 
not  located  at  bends  or  offsets  hi  the  piping. 

Valves  are  designed  so  that  they  can  be 
operated  with  the  mhiinmm  practicable  amount 
offbrce  and  vrith  the  maximum  pratcticaUe  con- 
venience. K  a  man  must  istand  on  slippery  deck 
plateiB  to  turn  a  valve  handwheel,  or  if  he  must 
reach  over  his  heiad  or  around  a  corner, he  can- 
npt  apply  the  saJoie  amount  of  torqiue  that  he  could 
aiyply  to  a  uioriB  conveniently  located  handwheel. 
Thus  the  location  of  the  handwheds  is  an  impor- 
tant design  con8ideri^ttion.Tog^eniechanisni8  or 
other  mechanical  advantage  devices  are  used 
vrihere  the  amount  of  torque  required  to  turn  a 
handwheel  is  nior  e  than  "eould  normally  be  ap- 
plied by  one  nuuK<;U jmechanical  advantage  de- 
vicjds  are  not  suiEficient  to  produce  easy  operation 
of  the  valve,  pow^r^o^ 

accidental  0^  a  valve 

coiild  endanger  :  p^^  JepiMtrdize  the 

safety  of  the  ship,  Ibckii^^  d 
Any  locking  dlevice  histalied  on  a  valve  niust  be 
designed  so  that  it  cw^  be  easily  (q[>erat^  by 
authicnrizi^  miist 
ienqugh^ip  diflKsoiuri^S^^  hidiscrimhiate 
<qpBrati(m:b^ 


Supports  used  hi  shipboard  piping  systems 
must  be  strong  enou^  to  support  the  weight  of 
the  piphig,  its  contahied  fluid,  and  its  insulation 
and  lagghig.  Supports  must  carry  the  loads  im- 
posed by  e3q)ansion  and  contraction  of  the  piping 
and  by  the  workhig  of  the  ship,  and  they  must 
be  able  to  stqpport  the  piphig  with  complete 
safety.  Supports  are  designed  to  permit  the 
movement  of  the  piping  necessary  , for  flexibility 
of  the  system.  A  sufficient  number  of  supports 
are  used  to  prevent  excessive  vibration  of  the 
system  under  all  conditions  of  cqperation,  but 
the  s^ppQrts  must  not  cause  excessive  con- 
straint of  the  piphig.  Siqyports  are  used  for 
heavy  valves  and  fittings  so  that  the  weight  of 
the  valves  and  fittings  will  not  be  entirely  sup- 
ported by  the  pipe. 

PIPE  AND  TUBING 

Piping  is  defined  as  an  assembly  of  pipe  or 
tubing,  valves,  fittings,  and  related  components 
forming  a  wh61e  or  a  part  of  a  system  for  trans- 
ferring fluids. 

It  is  somewhat  more  difficult  to  def hie  pipe 
and  ttfl>ing.  In  commercial  usage,  there  is  no 
clear  distinction  between  pipe  and  tubing,  since 
the  cwrect  designation  for  each  tubular  product 
is  established  by  the  manufacturer.  K the  manu- 
facturer calls  a  product  pipe,  it  to  pipe;  if  he 
calls  it  tubhig,  it  istUbbigrmBieNavy,  however, 
a  distinction  is  made  between  pipe  and  tubing. 
This  distbietidn  is  based  on  the  way  the  tubular 
product  is  identified  as  to  size. 

There  wee  three  important  dimensions  of  any 
tubular  product:  outside  ^iameter  (OD),  hiside 
diameter  (m),  and  wall  thickness.  A  tubular 
product  is  called  tubhig-  if  its  size  is  identified 
by  actual  measured  outside  diameter  {OD)  and 
by  actual  measui*ed  wall  thickness.  A  tubular 
product  is  called  p^  if  its  size  to  identified 
by  a  nominal  dlmenision  called  iron  pipe  size 
(IPS)  and  by  reference  to  a  wall  thickness 
schedule  of  piping. 

The  size  identification  of  tubbig  to  simple 
enough,  shice  it  cdnsists  of  actual  measured 
diniensions;  but  the  terms  used  for  identifying 
pipe  sizes  niay  require  some  eaq;>lanation.  A 
honiihal  dimension  such  as  iron  pipe  size  is 
dose  to^-^but^.n&t  hecess^ 
a(ctual  measured  dimiensioh.  For  examifl^ 
pipe  with  a  iibmina^  pipe  size  of  3  hiches  has 
ah  actual  of  3.50 

taches,  and  a  pipe^^  a  nomhial  pipe  size  of 
2  toc^esbasanfU^uiid  m 
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of  2.375  inches.  In  the  larger  sizes  (above  12 
inches)  the  nominal  pipe  size  and  the  actual 
measured  outside  diameter  are  the  same.  For 
example,  a  pipe  with  a  nominal  pipe  size  of 
14  inches  has  an  actual  measured  outside  dia- 
meter of  14  inches.  Nominal  dimensions  are 
used  hi  order  to  simplify  the  standardization 
of  pipe  fittings  and  pipe  tapa  and  threading  dies. 

The  wall  thickness  of  pipe  is  identified  by 
reference  to  wall  thickness  schedules  estab- 
lished by  the  American  Standards  Association. 
For  example,  a  reference  to  schedule  40  for 
a  steel  pipe  with  a  nomhial  pipe  size  of  3  inches 
indicates  that  the  wall  thickness  of  the  pipe  is 
0.216  hich.  A  reference  to  schedule  80  for  a 
steel  pipe  of  the  same  nominal  pipe  size  hi- 
dicatcs  that  the  wall  thickness  of  this  pipe  is  . 
0.300  hich.  A  reference  to  schedule  40  for 
steel  pipe  of  nominal  pipe  size  4  inches  in- 
dicates that  the  wall  thickness  of  this  pipe  is 
0.237  inch.;  As  may  be  noted  from  these  ex- 
amples, a  wall  thickness  schedule  identification 
does  not  identify  any  one  particular  wall  thick- 
ness unless  the  nombial  pipe  size  is  also  speci- 
fied. 

The  examples  used  here  are  given  merely 
to  illustrate  the  meanhig  of  wall  thickness 
.  schedule  designations.  Bfany  other  values  can 
be  found  in  piipe  tables  given  hi  engUieerhig 
handbo6ks  and  piphig  handbodcs. 

Pipe  was  formerly  identified  as  stiandard 
(Std),  extra  strong  (3C8).  and  doublci  extra  strong 
(3CXS).  These  designations,  which  are  stiU  used 
to  some  extent,  also  refer  to  wiedl  t^^^^ 
However,  pipe  is  manufactured  in  a  number  of 
different  wall  thickhesses,  aiKl  some  pipe  does 
not,  fit  into  the  staiidard/  extra  -strong,  and 
doidble  -  The  wall 

thickness  sche^  iiAeid  increashigiy 

to  identify  the  widl  ;ti^^^  pipe  because 

they  provide  for  the  identification  of  a  Wg^^ 
number  of  wall  thidmesses  than  can  be  identi- 
fied under  the  standard,  extra  strong,  and  double 
extra  strong  clwsUications  :  ; 

It  should  be:  noted  that  pipe  and  tubhig  is 
occasionally  identified  hi  ways  other  than  the 
sjtandard  'was^  described  here.v  Fbr  esamqde, 
some'  tubtaig-  ifil:  identified 
(ID) ;  rather  tj^^  l^ 
some  ^pi|^  is  identlf ied  Ibqr 
Obi  IDf       Mtiuil  measux^ 

'  A  jgrieaij^  pipe  a^ 

tiAhig^f^arev^ 
A'^feWiShiiA)^ 


particular  interest  are  noted  in  the  following 
paragraphs. 

Seamless  chromium-molybdenum  alloy  steel 
pipe  is  used  for  some  high  pressure,  high  tem- 
perature systems.  The  upper  limit  for  the  piping 
is  1500  psig  and  1050""  F. 

Seamless  carbon  steel  tubing  is  used  in 
oil,  steam,  and  feed  water  lines  cyperating  at 
775^  F  and  below.  Different  types  of  this  tubing 
are  available;  the  type  used  in  any  particular 
system  depends  upon  the  working  pressure  of 
the  system. 

Seamless  carbcm-mdlybdenum  alloy  steel 
tubing  is  used  for  feed^witer  discharge  piptog. 
boiler  pressure  siqperheated  steam  lines,  and 
boiler  pressure  saturated  steam  lines.  Several 
types  of  this  tubing  are  available;  the  type 
used  in  any  particular  case  dei>ends  upon  the 
boiler  operathig  pressure  and  the  siq;)erheater 
outlet  temperature.  The  upper  pressure  and 
temperature  limits  for  any  class  of  this  tubing 
are  1500  psig  and  STS""  F. 

Seamless  chromium-molybdenum  alloy  steel 
tubtag  Is  used  for  hi^  pressure,  high  tempera- 
ture  steam  service  on  newer  sliips.  This  type 
of  alloy  steel  tubing  is  available  with  different 
percentages  of  cluromium  and  molybdenum,  with 
upper  limits  of  1500  psig  and  1050^  F. 

Welded  carbon  steel  tubing  is  used  in  some 
water,  steam,  and  oil  Ihies  where  the  tempera- 
ture does  not  exceed  450^  F.  There  are  several 
types  of  this  tubhig;  each  type  is  specified  for 
certain  services  and  certain  service  conditions. 

Nonferrous  pipe  and  nonferrous  tubhig  are 
used  for  many  shipboard  systems.  Nonf errous 
metals  are  used  chiefly  where  their  special 
properties  of  corrosion  resistance  and  high 
heat  conductivity  are  req^ired«  Various  types 
of  seamless  cqpper  tubhig  are  used  for  re- 
frigeration Ihies  ,  plumbing  and  heating  systems, 
lubrication  systenui,  and  other  shipboard  sys- 
tems. Copper-nickel  alloy  tubhig  is  widely  used 
aboard  ship.  Seamless  brass^tubing  is  used  in 
systems  which  must  resist  the  corrosive  action 
of  salt  waterand  other  fluids;  it  is  available  in 
types  and  sizes  suitable  for  operathig  pressures 
vp  to  4000  psig.  Seaindess  aluminum  tubhig  is 
used  fw;  dry  lines  in  isfprinklin^  systems  and 
fOr  'sbme^bilgbv  ai^  systems. 

tubing  besides : 

the  idndB  mentioned  1^  used  in  j^jhipboard 
pipings  si^ems^^vjlt  is 

tlmt  design^ c(^ideratiQ^  selection, 
of  anyparticulfl^ 

syrtem.;^^Attliough  tubing 
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look  almost  exacUy  alike  from  the  outside,  they 
may  respond  very  differently  to  pressures, 
temperatures,  and  other  service  conditions. 
Therefore,  each  kind  of  pipe  and  tubing  can  be 
used  only  for  the  specified  applications. 

PIPE  FITTINGS 

Pipe  or  tubing  alone  does  not  constitute  a 
piping  system.  To  make  the  pipe  or  tubing  into 
a  system,  it  is  necessary  to  have  a  variety  of 
fittings,  connections,  and  accessories  by  which 
the  sections  of  pipe  or  tubing  can  be  properly 
Joined  and  the  flow  of  the  transferred  fluid  may 
be  controlled.  The  following  sections  of  this 
chapter  deal  with  some  of  the  pipe  fittings  most 
conmionly  used  in  shipboard  piping  systems; 
these  fittings  include  unions,  flanges,  expansion 
Joints,  flareless  fluid  connections,  steam  traps, 
strainers,  and  valves. 

UNIONS 

Union  fittings  are  provided  in  piping  systems 
to  allow  the  piping  to  be  taken  down  for  repairs 
and  alter aticms.  Unions  are  available  in  many 
different  materials  and  designs  to  withstand 
a  wide  range  of  pressures  and  temperatures. 
Figure  14-1  shows  some  commonly  used  types 
of  unions. 

FLANGES 

Flanges  are  used  in  piping  systems  to  allow 
easy  removal  of  piping  and  other  eq^ipment. 
The  materials  used  and  the  design  of  the  flanges 
are  governed  by  the  requirements  of  service. 
Flanges  in  steel  piping  systems  are  usually 
welded  to  the  pipe  or  tubing.  Flanges  in  nonfer- 
rous  systems  are'  usually  brazed  to  the  pipe 
or  tiibtog. 


of  sliding  expansion  Joint  depends  upon  the 
specific  design  of  the  Joint. 

Flexlng-type  esqpansion  Joints  are  those  in 
which  motion  is  absorbed  1^  the  flexing  action 
of  a  bellows  or  some  similar  device.  There 
are  various  kinds  of  flexlng-type  e^ansicm 
Joints,  each  kind  being  designed  to  suit  the 
requirements  of  the  particular  system  in  which 
it  is  installed.  Figure  14-2  Illustrates  the  gen- 
eral principle  of  a  bellows-type  eq;>ansion  Joint. 

Esqmnsion  Joints  are  not  always  used  in 
piping  systems,  even  when  allowance  must  be 
made  for  eiqpansion  andcontraction  of  the  piping. 
The  same  effect  can  be  achieved  byusingdlrec- 
tional  changes  and  eq[MUision  bends  or  loops. 

FLARELESS  FLUID  CONNECTIONS 

A  special  flareless  fluid  connection  has  re- 
cently been  developed  for  connecting  sections 
of  tubing  in  some  high  pressure  shipboard  sys- 
tems. This  fitting,  which  is  generally  known  as 
the  bite-type  fitting.  Is  very  useful  for  certain 
applications  because  it  is  smaller  and  lighter 
in  weight  than  the  conventional  fittings  previously 
used  to  Join  tubing.  The  bite-type  fitting  Is  used 
on  certain  selected  systems  where  the  tubing 
is  between  1/8  and  2  Inches  in  outside  diameter. 

The  bite-type  fitting,  shown  in  figure  14-3, 
consists  of  a  body,  a  ferrule  or  sleeve  that 
grips  the  tubing,  and  a  nut.  The  fitting  Is  not 
used  in  idaces  where  there  is  Insufficient  space 
for  proper  tightening  of  the  nut,  in  places  where 
plpbig  or  eqiilpment/would  have  to  be.  removed 
in  order  to  gain  access  to  the  fitting,  or  in 
places  where  the  tubing  cannot  be  easily  de- 
flected for  ready  assembly  or  breakdown  of  the 
Joint.  The  fitting  is  sometimes  used  on  gage 
board  or  instrument  panel  tubtaig,  provided  the  | 
gage  board  or  panel  is  designed  to  be  removed  1 
as  a  unit  when  repairs  are  required.  j 


EXPANSION  JOINTS  STEAM  TRAPS 

' .  ' ■  ■  ■  •  ■  '  ■ '  ■  •■'  '  *  ■'  .  ■  " 
E^anslon  Joints  are  used  in  some  piping  Steam  traps  are  Installed  in  steam  lines  to 
systems  to  allow  the  piping  to  e:q>and  and  con-  .drain  condensatei  firom  the  Ihies  without  allow- 
tract  with  temperature  changes,  without  damage  Ing  the  escape  of  steam.  There  are  many  dlf- 
to  the  piping.  Twb  basic  types  ^^^^^^^  ferent  designs  of  steam  traps,  some  being  suit- 
Joints  are  used  in  shipboard,  piping  systems:'  aUe  for  high  pressure  use  and  others  being. 
slidUig^ype  Johits  and  nexlng-tj^  sul^e  for  low.  preissure  use.  bi  general,  a 
911dliig-tsn[>e  eq;)a^^  steam  triqp  consists  of  a  valve  and  some  device 
Johits,  rotary  Jointis,  ^  the  valve  to 
and  Joihtis  nude'tqpi  q[)en  and  dose  aa  necessa^  to  drain  the  con- 
types.  The  amount  /Qf^axlalA^  densate  from!  the  lines  iwitbout  allowii^  the 
that  ^cah  be  :;;fl^  Escape  of  steam;  Steam  trai»  iu:e;  in  at 


see 
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Figure  14-l.»Unions. 
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low  points  in  the  system  or  machinery  to  be 
drained.  Some  types  of  steam  traps  that  are 
used  in  the  Navy  are  described  here. 

MECHANICAL  STEAM  TRAPS.-Mechanical 
steam  traps  in  common  use  include  ball  float 
traps  and  bucket-type  traps. 

A  ball  float,  steam  tr^p  is  shown  in  figure 
14-4.  The  valve  of  this  trap  is  cmnected  to  the 
float  hi  such  a  way  that  the  valve  opens  when 
the  float  rises.  When  the  trap  is  in  operation, 
the  steam  and  any  water  that  may  be  mixed 
with  it  flows  hito  the  float  chamber.  As  the 
water  level  rises,  it  lifts  the  float  and  this 
in  turn  lifts  the  valve  plug  and  opens  the  valve. 
The  condensate  drains  out  and  ttie  float  moves 
down  to  a  lower  position,  closing  the  valve. 
The  condensate  that  passes  out  of  the  trap  is 
returned  to  the  feed  system. 

A  bucket-type^eam  trap  is  shown  in  figure 
14-5.  As  condensate  enters  the  trap  bo^,  the 
bucket  floats.  The  valve  is  connected  to  the 
bucket  in  such  a  way  that  the  valve  doises  as  the 


bucket  rises.  As  ccmdensate  continues toflow  into 
the  trap  body,  the  valve  remains  closed  until  the 
bucket  is  ftill.  When  the  bucket  is  full,  it  sinks 
and  thus  cqpens  the  valve.  The  valve  remains 
open  until  enough  condensate  has  passed  out  to 
allow  the  bucket  to  float,  thus  closing  the  valve. 

THERMOSTATIC  STEAM  TRAPS. -There 
are  several  kinds  of  thermostatic  steam  traps 
in  use.  bi  general,  these  traps  are  more  com- 
pact and  have  fewer  moving  parts  tlian  most 
mechanical  steam  traps. 

A  bellows-type  thermostatic  steam  trap  is 
shown  in  figure  14-6.  The  (operation  of  this 
trap  is  controlled  by  the  esqpansion  of  the  vapor 
of  a  volatile  liquid  which  is  enclosed  in.abel- 
lows-t]npe  element.  Steam  enters  the  trap  body 
and  heats  the  vdiatile  liquid  \n  the  sealed  bel- 
lows, thus  causing  esqpansion  of  the  bellows.  The 
valve  is  attached  to  the  bellows  in  such  a  way 
that  the  valve  doseidCwhen  the  bellows  e^qpands. 
The  valve  remains  closed,  trapping  steam  in 
the  valve  body.  As  the  steam  cools  and  condenses. 
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Figure  14-2.— BeUows-type  eiqpansion 
joint. 
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Figure  14-3.— Flareless  fluid  connection 
(bite-type  fitting). 

the  bellows  cools  and  contracts,  thereby  opening 
the  valve  and  allowing  the  condensate  to  drain. 

IMPULSE  STEAM  TRAPS.-Impulse  steam 
inqps  of  the  type  shown  in  figure  14-7  are  used 
in  some  steam  drain  collecting  systems  aboard 
ship.  Steam  and  condensate  pass  through  a 
strainer  before  entering  the  triqp.  A  circular 
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Figure  14-4.— Ball  float  steam  trap. 
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Figure  14-5.— Bucket-type  steam  trap. 

baffle  keeps  the  entering  steam  and  condensate 
from  impinging  on  the  cylinder  or  on  the  disk. 

The  impulse  type  of  steam  trap  depends  for 
its  operation  on  the  &ct  that  hot  water  under 
pressure  tends  to  flash  irto  steam  when  the 
pressure  is  reduced.  In  order  toundei^standhow 
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Figure  14-6.— ThermoBtatic  steam  trap. 
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Figure  14»7.— Impulse  steam  tri9; 
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this  inrinciple  is  utilized^  we  will  consider  the 
arrtuig^me^^  of  parts  shown  in  figwe  14-7  and 
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topers  inward,  so  the  amount  of  clearance  be- 
tween the  flange  and  the  cylinder  varies  accord- 
ing to  the  position  of  the  valve.  When  the  valve 
is  open,  the  clearance  is  greater  than  when  the 
valve  is  dosed. 

When  the  trap  is  first  cut  in,  pressure  from 
the  inlet  (chamber  A)  acts  against  the  underside 
of  the  flange  and  lifts  the  disk  off  the  valve  seat. 
Condensate  is  thus  allowed  to  pass  out  through 
the  orifice  in  the  seat;  and;  at  the  same  time,  a 
small  amount  of  condensate  (called  control  flow) 
flows  up  past  the  flange  andhitochaniber  B.  The 
contrbl  flow  discharges  through  the  control  ori- 
fice, hito  the  outlet  side  of  the  trap,  and  the  pres- 
sure in  chamber  B  remains  lower  than  the  pres- 
sure in  chamber  A. 

As  the  line  warms  the  temperature  of  the 
condensate  flowing  through  the  trap  increases. 
The  reverse  tiqper  of  the  cylinder  varies  the 
amount  of  flow  around  the  flange  until  a  balanced 
position  is  reached  in  which  the  total  force 
exerted  above  the  flange  is  equal  to  the  total 
force  exerted  below  the  flange.  R  is  important 
to  note  that  there  is  still  a  pressure  difference 
between  chamber  A  and  chamber  B.  The  force 
is  eqpialized  because  the  effective  area  above 
the  flange  is  larger  than  the  effective  area  below 
the  flange.  The  difference  in^working  area  is 
such  that  the  valve  maintains  in  open,  balanced 
position  urtien  the  pressure  in  chamber  B  is  86 
percent  of  the  pressure  in  chamber  A. 

As  the  temperature  of  the  condensate  ap- 
proaches its  boiltag  pohat,  some  of  the  contrdl 
flow  gobig  to  chamber  B  flashes  into  steam  as 
it  enters  the  low  pressure  area.  Since  the  steam 
has  a  much  greater  volume  than  this  water  from 
which  it  is  generated,  pressure  builds  tip  in  the 
space  above  the  flange  (chamber  B).  When  the 
pressure  in  this  space  is  86  percent  of  the  inlet 
pressure  (chamber  A),  the  force  exerted  6n  the 
top  of  the  flange  ptishes^the  entire  disk  down- 
ward and  so^  doses  the  valve. 

With  the'^  valve  closed,  the  only  flow  through 
the!  trap  is  past  the  flange  and  through  the  con- 
trol orifice.  When  the  temperature  of  the^  con- 
densate entering  the  trap  drops  sli^tly,  con- 
densate enterisi  dia^ 

steanii*;;  PrMSure :  b  B  is  thus  ^  reduced 

to  thiB;iK^  opens  and  aUom 

ccndenl^  through  ^the  orifice  in  thiei 

yiilye  seat.:  T^ 

'  continubiirts^^^^  i^'-: 

';With^a  hbrn^^lcbnd 
opens 

difurgbv  'a'  8  eiBicli 


opening.  With  a  heavy  condensate  load,  the  valve 
remains  wide  open  and  allows  a  continuous 
discharge  of  condensate. 

ORIFICE -TYPE  STEAM  TRAPS.-.Aboard 
ship,  continuous-flow  steam  traps  of  the  orifice 
type  are  used  in  some  constant  service  steam 
systems,  oil  heatUig  steam  systems,  ventilation 
preheaters,  and  other  systems  or  services  in 
which  condensate  forms  at  a  fairly  constant 
rate.  Orifice-type  steam  traps  are  not  suitable 
for  services  in  which  tlie  condensate  formation 
is  not  continuous. 

There  are  several  variations  of  the  orifice- 
type  steam  trap,  but  all  types  have  one  thing 
in  common— they  contain  no  moving  parts.  One 
or  more  restricted  passageways  or  orifices 
allow  condensate  to  tridde  through  but  do  not 
allow  steam  to  flow  through.  Some  orifice-type 
steam  traps  have  baffles  as  well  as  orifices. 

BIMETALLIC  STEAM  TRAFS.-Bimetallic 
steam  traps  of  the  type  shown  in  figure  14-8 
are  used  on  many  ships  to  drain  condensate 
from  main  steam  lines,  auxiliary  steam  lines, 
and  other  steam  lines.  The  main  working  parts 
of  this  steam  trBp  are  a  segmented  bimetallic 
element  and  a  ball-type  ^heck  valve. 

The  bimetallic  element  consists  of  several 
bimetallic  strips^  fastened  together  in  a  seg- 
mented fashion,  as  shown  in  figure  14-8.  One 
end  of  the  bimetallic  element  is  fastened  rigidly 
to  a  part  of  the  trap  body;  the  other  end,  which 
is  firee  to  move,  is  fiurtened  to  the  top  of  the 
stem  of  the  ball-type  check  valve. 

Line  pressure  acting  on  the  check  valve 
tends  to  keep  the  valve  open.  When  steam  enters 
the  tr^  body,  the  bimetallic  dement  e3q;>ands 
unequally  because  of  tlie  differential  response 
^  to  temperature  of  the  two  metals;  the  bimetallic 
element  deflecte  upward  at  its  free  end,  thus 
moving  the  valve  stem  upward  and  closing  the 
valve.  As  the  steam  codls  and  condenses,  the 
bimetallic  dement  moves  downward,  toward 
the  horisontal  position,  thus  opening  the  valve 
and  allowing  some  condensate  toflow  out  through 
the  valve.  As  the  flow  of  condens^^^  a 
greater  area  of  the  ball  is  eq)psed  tothe  higher 
pressure  above  the  seat.  The  valve  now  opens 
wide  and  allows  aftill  capacity  flow  of  condensate. 

^The  :  principle  of  bimetalUc  esquuislon:  Is  discussed 
in  chapter  7  of  this  te>rt.^v^^^^:;^^^  ^/^^^ 
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Figure  14-8.— Bimetallici  steam  trap. 
STRAINERS  AND  FILTERS 

Strainers  are  fitted  in  practically  all  piping 
lines  to  prevent  the  passage  of  grit,  scale,  dirt, 
and  other  foreign  matter  which  could  obstruct 
pump  suction  yalves,  throttle  valves,  or  other 
machinery  parts. 

Figure  14-9  illustrates  three  common  types 
of  strainers.  Part  A  shows  a  bilge  suction 
strainer  located  in  the  bUge  pump  suction  line 
between  the  suction  manifold  and  the  pump. 
Any  debris  which  enters  the  piping  is  collected 
in  the  strainer  basket.  The  basket  can  be  re- 
moved for  cleaning  by  loosening  the  strongback 
screws,  removing  the  cover,  and  lifting  the 
basket  out  by  its  handle.  Part  B  of  figure  14-9 
shows  a  duplex  oil  strainer  of  the  t^  com- 
monly used  in  fuel  oU  and  lubricating  oU  lines, 
where  it  is  essential  to  maintain  an  uninternqrted 
flow  of  oil.  The  flow  may  be  diverted  from  one 
basket  to  the  other,  while  one  is  being  cleaned. 
Part  C  of  figure  14-9  shows  a  maiilfold  steam 
strainer.  This  type  of  strainer  is  desirable 
where  space  is  limited,  since  it  eliminates 
the  use  of  separate  strainers  and  their  fittings. 
Thereover  is  lpcated  so  that  the  stralneivbasket 
can  be  renioved  for  dean^ 

Metal-edge  filters  are  used  in  the  lid)rica- 
tipn  islystenui  of  noany  a^ 
edge  filter  consistis  dt^a  series  of  metal  j^ates 
or  disks.  TurhU^  moves  the  plates  or. 


disks  across  each  other  in  such  a  way  as  to  re- 
move any  particles  that  have  collected  on  the 
metal  surfaces.  Some  metal-edge  type  filters 
have  magnets  to  aid  in  removing  fine  particles 
of  magnetic  materials. 

VALVES 

Every  piping  system  must  have  some  means 
of  contrdlllng  the  amount  and  direction  of  the 
flow  of  the  contained  fluid  through  the  lines. 
The  control  of  fluid  flow  is  acconqplished  by  the 
histallatlon  of  valves. 

Valves  are  usually  made  of  bronze,  brass. 
Iron,  or  steel.  Steel  valves  are  either  cast  or 
forged,  and  are  made,  of  either  iflain  steel  or 
alloy  steel.  Alloy  steel  valves  are  used  in  high 
pressure,  high  teniperature  systems;  the  disks 
and  seats  of  these  valves  are  usually  surfaced 
with  Stellite,  an  extremely  hard  chromium-co- 
balt alloy. 

Bronze  and  brass  valves  are  not  used  in 
high  temperature  systems.  Also,  they  are  not 
used  in  systems  in  which  they  would  be  eq>osed 
to  severe  conditions  of  pressure,  vibration,  or 
shock.  Bronze  valves  are  widely  used  in  salt 
water  systems.  The  seats  and  disks  of  bronze 
valves  used  for  sea  water  service  are  often 
made  of  Mond,  a  metal  that  is  highly  resistant 
to  corrosion  and  erosion. 

Ifany  dltCerent  types  of  valves  ai^e  used  to 
control  the  flow  of  liquids  and  gases.  The  basic 
valve  types  can  be  divided  into  two  groiips^ 
stQp  valves  and  check  valves.  Stop  valves  are 
those  which  are  used  to  shut  bff-or  partially 
shixt  off — the  flow  of  fluid.  Stop  valves  are  con- 
trolled by  the  movement  of  the  valve  stem. 
Check  valves  are  those  which  are  used  to  per- 
mit the  flow  of  fluid  In  only  one  direction.  Check 
valves  are  designed  to  be  controlled  by  the 
movements  the  fluid  itsdf. 

Stop  valves  include  ^obe  valves,  gate  valves, 
lAug  valves,  piston  valves,  needle  valves,  and 
butterfly  valves.  Check  valves  Include  ball-check 
valves,  swing-check  valves,  and  lift-check 
valves.  \  *  ■ 

Combination  stop-check  valves  are  valves 
which  ftmction  either  as  stop  valves  or  as  check 
^ves,  depending  i9on  the  position  of  the  valve 
stem. 

b  addition  to  the  basic  types  of  valves,  a 
good  numy  special  valves  which  cannot  really 
be  classified  either  as  stop  valves  or  as  check 
valves  are  found  in  the  engineering 
Many  of  these  special  valves  serve  to  ccmtrol 
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Figure  14»9.»A. .  BUge  suction  strainer.  B.  Duplex  oU  strainer. 
C.  Manifdld  steam  strainer  * 


11.329X 


the  pressure  of  fluids  andare  therefore  general- 
ly caUed  wesswe^cmtr^^  Others  are 
identified  07  names  vWhich  indicate'  their  general 
funetion^asi  for  wample.  thermostatic  recir> 
culating  valves.  The  foUowhig: sections dealf irst 
with  the  basic  types  of  stqp  valves  and  check 
valves  and  then  with  some  of  the  more  complex 
qpecial  kinds  of  valves. 

Ca<*e:VialV(M!^v;^ 

Caoibe  visaves  are  cme  of  the  commonest  ^n[>es 
of  stq[>  .  valves.  ca(>be  valves  get  their  name 
from  the  g^dbular:  shagpe  of  their  bodies.  It  is 
important  to  notei  hbweveri  that  other  types  of 
valves  may^  >  also;  have  gl(^ 
hence  :it  is  not  alim 
i^ve  nierely  by  external 
nal  structure  ;Gif  t^^ 

nal  shape;  ifli  ^^^^  of 
■  yidyevfroin^m^  '--Mt^-  '■M^r^^/r:i:):,'r:r-- 

TlieVdiak^of^Ia;!^ 
valyej^stem.  >^Th^  ai^iiiis^ 
ring  cor  a  seatUig^m 


flow  of  fluid.  When  the  disk  is  moved  off  the 
seathig  surface,  fluid  canpass  through  the  valve. 
Qobe  valves  may  be  used  pwtially  open  as 
weU  as  fUUy  open  or  fully  closed. 

G16be  valve  inlet  and  outlet  q;)enings  are 
arranged  in  several  waysi  to  suit  varying  re- 
quirements of  flow.  Figure  14-10  shows  three 
common  types  of g^obe  valve  bodies.  ^  In  the 
straig^  t]^,  the  fluid  inlet  and  ouUet  openings 
are  in  line  with  each  other,  b  the  ang^e  t:inpo, 
the  inlet  ;  and  oi^  at  an  angle 

to  each  other;  An  ani^e-tn^  gl6be  valve  is 
used  where  a  stop  valve  is  needed  at  a  00^  turn 
in  a  line.  The  croaa  type  of  g^bbe  valve  has 
three  <q;>ening^  it  is  often  used 

in  cpimectim  with  iqn^ 

A  g^dbe-tsnpe  stc^  valve  is  shown  in  cross* 
sectionaL  view  ih>  figw  Figure  14-12 

showisi  a  cutaway  view  of  a  s^  not 
idettfical)  g^crt)e  yaly^^ 

■^^^^^  commonly  used  in  steathi 

airi  ^  <>Uii  iM^  On?  maiQT  ships,  the 

surftee  ^  lUoiw  ;valyeS|i  the  bottom  Uow  valveis. 


iil 


Chapter  14.  -PIPING.  FFmNGS.  AND  VALVES 


CM 


11.316X 

Figure  14-10.— Types  of  g^obe  valve  bodies. 
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The  part  of  a  gate  valve  that  serves  the  same 
purpose  as  the  disk  of  a  globe  valve  is  called 
a  gate.  The  gate  is  usually  wedge-shaped,  but 
some  gates  are  of  uniform  thickness.  When  the 
gate  is  wide  open,  the  qpening  through  the  valve 
is  the  same  size  as  the  pipe  in  which  the  valve 
is  installed.  Therefore,  there  is  very  little  re- 
sistance to  flow  and  very  little  pressure  drop 
through  this  type  of  valve.  Gate  valves  are  not 
suitable  for  use  as  throttling  valves,  since  the 
regulation  of  flow  would  be  difficult  and  since 
the  flow  of  fluid  against  a  partially  opened  gate 
woiild  cause  extensive  damage  to  the  valve. 
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As  shown  in  figures  14-13       14-14,  the 
gate  is  connected  to  the  valve  stem.  Turning 
the  handwheel  positions  the  valve  gate.  Some 
gate  valves  have  nonrising  stems— that  is,  the 
stem  is  threaded  on  the  lower  end  and  the  gate 
is  threaded  on  the  inside  so  that  the  gate  travels 
up  the  stem  when  the  valve  is  being  opened.  Gate 
valves  with  nonrising  stems  are  shown  infigure 
14-13.  This  type  of  valve  usually  has  a  pointer 
or  a  gage  to  indicate  whether  the  valve  is  in 
the  open  position  or  in  the  closed  position. 
Some  gate  valves  have  rising  stems— that  is, 
both  the  gate  and  the  stem  move  upward  when 
the  valve  is  opened.  In  some  rising  stem  valves, 
the  stem  projects  above  the  handwheel  when 
the  valve  is  opened;  in  other  rising  stem  valves, 
the  stem  does  not  project  above  the  handwheel. 
A  pointer  or  a  gage  is  required  to  indicate  the 
position  of  the  valve  if  the  stem  does  not  pro- 
ject above  the  handweel  when  the  valve  is  in 
the  open  position. 
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Figure  14-13.-Cro8S-sectional  views  olt 
gate  8t(q[)  valves  (nonrising  stem  type). 


Plug  Valves 

The  body  of  a  plug  valve  is  shaped  in  such 
a  way  that  it  will  hold  a  cylindrical  or  tapered 
plug.  Holes  or  ports  in  the  body  line  up  with 
the  pipe  in  which  the  valve  is  installed.  A  solid 
cylindrical  plug  (or  in  some  cases  a  j^ug  shaped 
like  a  truncated  cone)  fits  snugly  into  the  hollow 
of  the  body.  The  plug  is  attached  to  a  handle,  by 
means  of  which  the  plug  can  be  turned  within 
the  body.  A  passageway  is  bored  through  the 
plug.  When  the  valve  is  in  the  open  position,  the 
passage  in  the  plug  lines  up  with  the  inlet  and 
outlet  ports  of  the  body,  thus  allowing  fluid  to 
flow  through  the  valve.  When  the  iflug  is  turned 
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Figure  14-14.— Cutaway  view  of  gate  stop 
valve  (rising  stem  type). 
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in  the  body,  the  solid  part  of  the  plug  Uocks  the 
ports  and  thus  prevents  the  flow  of  fluid. 
Plug  valves  are  quite  commonly  used  in 
connection  with  auxiliary  machinery.  The  pet- 
cocks  that  are  used  as  vents  on  lubricating  oil 
coolers  for  auxiliary  machinery  are  usually 
plug  valves.  The  three-way  and  four-way  cocks 
that  allow  selective  routing  of  various  fluids 
are  usually  variatims  of  the  plug  valve.  The 
shutoff  device  that  allows  ftol  oil  or  lubricating 
oil  to  be  diverted  from  one  basket  to  another 
of  a  duplex  strahier  is  often  a  modified  plug 
valve. 

Piston  Valves 

A  piston  valve  is  a  stop  valve  that  may  be 
thought  of  as  a  combination  ot  a  gate  valve  and 
a  plug  valve.  The  piston  valve  consists  basically 
of  a  cylindrical  piston  operating  in  a  hollow 
cylinder.  The  piston  is  attached  to  the  valve 
stem,  and  the  valve  stem  is  attached  to  a  hand- 
wheel.  When  the  handwheel  is  turned,  the  piston 
is  raised  or  lowered  within  the  hollow  cylinder. 
The  cyltader  has  ports  in  its  walls.  When  the 
piston  is  raised,  the  jports  are  uncovered  and 
fluid  is  allowed  to  pass  through  the  valve. 

Needle  Valves 

Needle  valves  are  stop  valves  that  are  used 
for  making  relatively  fine  adjustments  in  the 
amount  of  fluid  that  Is  allowed  to  pass  throu^ 
an  opening.  The  dlstingiiishhig  characteristic 
of  a  needle  valve  is  the  long,  tiqpering,  needle- 
like point  on  the  end  of  the  valve  steni.  This 
"needle^'  acts  as  the  valve  disk.  The  longer 
part  of  t6e  needle  is  snuOler  thu  the  corU^^ 
in  the  valve  seat,  and  therefore  paisses  through 
it  before  the  needle  seats.  Ttlis  arrangement 
permits  a  very  gradual  Increaise  or  decrease 
In  the  size  of  the.  oi>enine;  and  thus'  allows  a 
more  precise  control  of  flpw^  than  could  be  6b- 
tained  with     or  dinary  c^dbe  valve. 

NeeAe  valves  {ure.t^  nosades 
on  some  auxUlieury  turbines.  Needle  yialves  are 
often  used  as  coiiqponent  other  more 

conipllcated  valyi9S^  are 
used  In  some  ^^nl^  of  ^reduclhjg^^^^^^  Most 
conistant-pressure^p^ 
ytdves  to  mlnlioiize  jthe  '^ects  )tf 
In  punq>  dbcharge  prMSU^ 


3C6nistfwt^pr(bs8ure^  governors  ;aM'dl8(»u  ih 
cAiapter  16  of  this  text. 


are  also  used  in  some  conq>onents  of  automatic 
boiler  control  systems. 

Butterfly  Valves 

The  butterfly  valve,  shown  in  figure  14-15, 
is  being  used  increasingly  In  naval  ships.  The 
butterfly  valve  has  some  definite  advantages 
for  certain  services.  R  Is  light  In  weight.  It 
takes  up  less  qpace  than  a  gate  valve  or  a  globe 
valve  of  the  same  capacity,  and  It  Is  relatively 
quick  acting.  The  butterfly  valve  provides  a 
positive  shutoff  and  may  be  used  as  a  throttling 
valve  set  in  any  position  trcm  fUll  open  to  ftdl 
closed. 

Butterfly  valves  vary  somewhat  In  design 
and  construction.  However,  a  butterfly-type  disk 
and  a  positive  means  of  sealing  are  common  to 
all  butterfly  valves. 

The  butterfly  valve  described  and  Illustrated 
here  consists  of  a  body,  a  resilient  seat,  a 
butterfly-type  disk,  a  stem,  packing,  a  notched 
posltlonbig  plate,  and  a  handle.  The  resUlent 
seat  Is  under  compressldn  when  It  Is  mounted 
in  the  valve  body,  thus  making  a  seal  around 
the  periphery  of  the  disk  and  both  iqiper  and 
lower  points  where  the  stem  passes  through 
the  seat  Packing  is  provided  to  form  a  positive 
seal  around  the  stem  if  the  seal  fwmed  by  the 
seat  shqidd  become  damaged. 

To  close  a  butterfly  valve,  it  is  only  neces- 
sary to  turn  the  handllB  a  quarter  of  a  turn  in 
order  to  rotate  the  disk  90  degrees.  The  resi- 
lient seat  exerts  positive  pressure  against  the 
disky  ensuring  a  tight  shutoff. 

Butterfly  valves  may  be  designed  to  meet 
a  variety  of  requirements.  The  shipboard  sys- 
tems in  which  these  valves  are  now  being  used 
Include  firesh  water,  salt  water,  JP-5,  Navy 
special  fuel,  dlesel  oU|  and  lubricating  oU, 

Check  Valves 

Check  valvals  are  designed  to  permit  flow 
through  a  llnie  In  one  direction  only.  There  are 
almost  Innumerable  examines  of  check  valves 
throughout  thei  engineering  plant.  Check  valves 
are  used  in  open  ftanhel  drains,  infiielpU  heater 
drains,  and  in  various  other  drains,  ^They  are 
used  hi  connection  with  many  pumps,  and  In 
any  line  in  which  It  Is  Importiant  16  prevent  the 
iMick  flow  of  fluid.  . 

Th(B  port  to^^^a  miay  be  dosed  by 

a  disk,  ii  baUV  w  a  iduhger.  The  valyiBi  opens 
when  the  pressure  oh't^^^  Is  greater. 


[ANGLE  plug] 
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Figure  14.1S.-Butterfly  valve, 

and  closes  when  the  pressure  on  the  outlet  side 
is  greater.  All  check  valves  open  and  close 
automatically. 

A  swing-check  ^alve  is  illustrated  in  figure 
14-16.  Figures  14-17  and  14-18  show  a  lift-check 
valve.  As  may  be  seen,  the  disk  of  the  swing- 
check  valve  moves  through  an  arc,  while  the 
disk  of  a  lift-check  valve  moves  up  and  down  in 
response  to  changes  in  the  pressure  of  the  incom- 
ing fluid.  A  good  example  of  a  ball- check  valve 
is  the  discharge  valve  in  the  bimetallic  steam 
trap,  described  and  illustrated  earlier  in  this 
chapter. 

Stop-Check  Valves 

As  we  have  seen,  most  valves  can  be  classi- 
fied as  beiiig  either  stop  valves  or  check  valves. 
Some  valves,  however,  function  either  as  stop 
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Figure  14-16.-Swing-check  valve. 

valves  or  as  check  valves,  depending  upon  the 
position  of  the  valve  stem.  These  valves  are 
known  as  stop-check  valves. 

Stop-check  valves  are  shown  in  cross  section 
In  figure  14-19.  As  may  be  seen,  this  type  of 
valve  looks  very  much  like  a  lift-check  valve. 
However,  the  valve  stem  is  long  enough  so  that 
when,  it  is  screwed  all  the  way  down  it  holds 
the  disk  firmly  against  the  seat,  thus  preventing 
any  flow  of  fluid.  In  this  position,  the  valve  acts 
as  a  stop  valve.  When  the  stem  is  raised,  the 
side  can  be  opened  by  pressure  on  the  inlet 
side.  In  this  position,  the  valve  acts  as  a  check 
valve,  allowing  the  flow  of  fluid  in  only  one 
direction.  The  maximum  lift  of  the  disk  is  con- 
trolled by  the  position  of  the  valve  stem.  There- 
fore, the  position  of  the  valve  stem  limits  the 
amount  of  fluid  passing  through  the  valve  even 
when  the  valve^s  operating  as  a  check  valve. 

Stop -check  valves  are  widely  used  through- 
out ttie  engineering  plant.  One  of  the  best  ex- 
amples is  the  so-called  boiler  feed  check  valve, 
which  is  actually  a  stop- check  valve  rather 
than  a  true  check  valve.  Stqp-check  valves  are 
used  in  many  drain  lines;  on  the  discharge  side 
of  many  pumps;  and  as  exhaust  valves  on  aux- 
iliary machinery. 
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Figure  14-17.-Cutaway  viewofllft-check 
valve, 

Pressure-Control  Valves 

Pressure- control  valves  are  used  to  re- 
lieve or  prevent  excessive  pressure,  to  reduce 
pressure,  and  to  control  or  regulate  pressure. 
Several  common  types  of  pressure-control 
valves  are  described  in  the  following  para- 
graphs.4 

RELIEF  VALV£S,- Relief  valves  are  de- 
signed to  open  automatically  when  the  pressure 
in  the  line  or  in  the  machinery  unit  becomes 
too  high.  There  are  several  different  types  of 
relief  valves,  but  most  of  them  have  a  disk  or 
a  ball  ^Ich  acts  against  a  coil  spring.  The  spring 
pushes  downward  against  the  disk  or  ball  and 
so  tends  to  ideep  the  valve  closed.  When  the 
pressure  in  the  line  or  hi  the  unit  Is  great 
enough  to  overcome  the  resistance  of  the  sprhig, 
the  disk  or  ball  is  forced  upward  and  the  valve 
is  thereby  opened.  After  the  pressure  has  been 
relieved  by  the  escape  of  fluid  through  the  relief 


^Boiler  safety  valTes,  discussed  in  chi^ster  11  of  this 
text,  might  also  be  considered  as  a  special  kind  of 
pressure^ntrol  valves. 
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Figure  14-18,— Cross-sectional  view  of 
lift- check  valve, 

valve,  the  spring  again  exerts  enough  force  to 
close  the  valve. 

Relief  valves  are  installed  in  steam,  water, 
oil,  and  air  Ihies,  and  on  various  units  of  aux- 
iliary machinery.  One  or  more  adjusting  nuts 
at  the  top  of  the  valve  provide  a  means  by  ^ich 
the  relief  valve  setting  may  be  changed  when 
necessary.  However,  unauthorized  changes  to 
relief  valve  settings  must  never  be  permitted, 

SENTINEL  VALVES,-Small  spring-loaded 
senthiel  valves  are  sometimes  attached  to  the 
inlet  chamber  of  a  relief  valve,  to  give  warning 
of  dangerous  pressures.  Sentinel  valves  operate 
on  the  same  general  principles  as  relief  valves,, 

REDUCING  VALVES,*Reducfaig  valves  are 
automatic  valves  used  to  reduce  the  supply  pres- 
sure to  a  specified  lower  discharge  pressure, 
A  reducing  valve  can  be  set  for  any  desired 
discharge  pressure,  within  the  design  limits 
of  the  valve.  After  the  valve  has  been  set,  the 
reduced  pressure  will  be  maintained  regardless 
of  changes  in  the  supply  pressure  (as  long  as 
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the  supply  i^ressure  is  at  least  as  high  as  the  de- 
sired delivery  pressure)  and  regardless  of  the 
amount  of  reduced  pressure  fluid  tliat  is  used. 

There  are  several  kinds  of  sprlng-loaded 
reducing  valves.  The  one  shown  in  figure  14-20 
is  used  for  steam  service,  but  is  very  similar 
to  spring-loaded  reducing  vzlvea  used  for  other 
services. 

The  principal  parts  of  the  valve  are  (1)  the 
main  valve,  antipward-seating  valve  which  has 
a  piston  on  tap  of  its  valve  stem;  (2)  an  iqpward- 
seatbig  auxiliary  (or  controlling)  valve;  (3)  a 
controlling  diaphragm; .  and  (4)  an  adjusting 
fipring. 

Hig^  pressures  steam  (or  other  fluid)  enters 
the  valve  on  the  Inlet  side  and  acts  against  the 
main  valve  disk,  tending  to  close  the  main  valve. 
However,  highpressure  steam  is  also  ledthrough 
ports  to  the  auxiliary  valve,  which  controls  the 
admission  of  high  pressure  steam  to  the  tpp  of 
the  main  valve  piston.  The  piston  has  a  larger 
surface  area  than  the  main  valve  disk;  therefore. 


a  relatively  small  amount  of  high  pressure  steam 
-acting  on  the  top  of  the  main  valv^  piston  will 
tend  to  open  the  main  valve,  and  so  allow  steam 
at  reduced  pressure  to  How  out  the  discharge 
side. 

But  what  makes  the  auxiliary  valve  open  to 
allow  high  pressure  steam  to  get.  to  the  top  of 
the  main  valve  piston?  The  contrdUlng  diaphragm 
transmits  a  pressure  downward  upon  the  auxil- 
iary valve  stem,  and  thus  tends  to  open  the  valve. 
However,  reduced  pressure  steam  is  led  back 
to  the  chamber  beneath  the  diaphragm;  this  steam 
exerts  a  pressure  upward  on  the  diaphragm, 
which  tends  to  close  the  auxiliary  valve.  The 
position  of  the  auxiliary  valve,  therefore,  is  de- 
termined by  the  position  of  the  controlling  dia- 
phragm. 

The  position  of  the  diaphragm  at  any  givenmo- 
ment  isdetermtaedbythe  relative  strength  of  two 
opposing  forces:  (1)  the  downward  force  exerted 
by  the  adjusting  spring,  and  (2)  the  toward 
force  exerted  on  the  underside  of  the  diaphragm 
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Figure  14-19.->Stqp-eheck  valves. 
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Figure   14-20.— Spring-loaded  reducifig  valve. 
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by  the  reducedpressure  steam.  These  two  forces 
are  continually  seeking  to  reach  a  state  of  bal- 
ance; and,  because  of  this,  the  discbarge  pres- 
sure of  the  steain  is  kept  constant  as  long  as  the 
amount  of  steam  used  is  k^t  within  the  capacity 
of  the  valve. 

There  are  two  types  of  gas-loaded  (or  gneu- 
matic  wessiMrecontrolledrreducing  valves^ 
type,  shown  In  figure  14-21,  is  designed  to  regu-^ 
late  pressure  hi  low  temperature  air,  water,  oil, 
or  other  fluids.  The  other  type,  shown  l|i  figure 
14-22,  is  designed  to  regulate  pressure  in  hig^ 
temperature  steam,  hot  wkter,  or  other  fluids. 
Both  types  of  valves  operate  ontheprinciifle  that 
the  pressiure  of  an  enclosed  gas  varies  inversely 
as  its  volume. 

We  will  consider  first  the  valve  for  low  tem- 
perature service  (fig.  14«p21).  In  this  vidve,  a 


relatively  small  change  in  the  large  volume  with- 
in the  dome  loading  chamber  produces  only  a 
slight  pressure  variation,  whUe  ttie  slightest 
variation  In  the  small  volume  wi^in  the  actuat- 
ing duunber  creates  an  enormous  change  in 
pressure.  The  restricting  orifice  connecting 
these  two  chambers  governsthe  rate  of  pressure 
equalization  by  retarding  the  flow  of  gas  from  one 
chamber  to  another. 

The  dome  loadhig  chamber  is  charged  with  air 
or  some  other  compressible  gas  at  a  pressure 
equal  to  the  desired  reduced  pressure.  When  the 
chamber  is  loaded,  and  fhe  loadhig  valve  is 
closed,  the  <}pme  will  retain  its  charge  almost 
indefinitely.  When  the  regulator  is  in  operation, 
the  tr^qped  pressure  within  the  dome  passes  Into 
the  actuatlner  chamber  throughthe  smaU  separa- 
tion plate  orifice  and  moves  the  l^fe  flexible 
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Figure  14-21.-Pneumatlc  pressure  controlled  reducing  valve  for  low  temperature  service 
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diaphragm.  This  action  forces  the  reverse-act- 
ing valve  oit  its  seat.  The  pressure  entering 
the  regulator  is  then  permitted  to  flow  through 
the  qpen  valve  into  the  reduced  pressure  line. 
A  large  pressure  equalizing  orifice  transmits 
this  pressure  directly  to  the  underside  of  the 
diaphragm.  When  the  delivered  pressure  ap- 
proximates the  loading  pressure  in  the  dome, 
and  the  unbalanced  forces  are  equalized,  the 
valve  is  closed.  With  the  slightest  drop  in 
delivered  pressure,  the  pressure  charge  in  the 


dome  instantly  forces  tin;  valve  qpen,  thus  allow- 
ing air  to  pass  throughthevalve  and  maintain  the 
outlet  pressure  relatively  constant. 

The  pneumatic  pressure  controlled  reducing 
valve  for  high  temperature  service  (fig.  14-22) 
qperates  in  much  the  same  way  as  the  valve  for 
low  temperature  service,  except  that  the  valve 
for  high  temperature  service.is  designed  in  such 
a  way  as  to  keep  heat  from  the  hot  fluid  from  af- 
fecting the  gas  in  the  loading  chamber.  The 
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FILLING  PtUO  HERE 

11.323 

Figire  J4-22.— Pneumatic  pressure  controlled 
reducing  valve  for  high  temperature  service. 

loading  chamber  Is  surrounded  by  a  finned  hood 
which  conducts  heat  away  to  atmosphere. 

A  rubber  diaphragm  Is  Installed  in  the  middle 
of  the  dome.  The  bottom  of  the  diaphragm  Is 
separated  from  the  bottom  half  of  the  dome  by  a 
fixed  steel  plate.  Thearea  Immediately  above  the 
diaphragm  communicates  with  the  upper  part  of 
the  dome  through  holes  In  the  shrouding.  The  up- 
per half  of  the  dome  carries  alevelof  water  for 
sealing;  the  lower  half  of  the  dome  carries  a 
level  of  glycerine  for  sealing.  The  area  abovb 
the  glycerine  Is  charged  with  air,  "which  exerts 
a  downward  pressure  on  the  glycerine  andforces 
some  of  it  to  go  up  the  tube  toward  the  diaphragm. 
This  pressiire  causes  the  diaphragm  to  move  up« 
ward;  and,  since  the  stem  of  the  valve  \a  in  con- 
tact with  the  diaphragm,  the  upward  movement 
of  the  diaphragm  causes  the  valve  to  open.  When 
the  valve  is  open,  steam  can  pass  through  it. 

From  the  outlet  connection,  an  actuating  line 
lead^  back  to  the  upper  part  of  the  dome,  as 
shown  JUi  the  illustration.  Steam  at  the  reduced 
pressure  Is  thus  allowed  to  exert  a  force  on  the 
top  of  the  water  seal;  this  force  is  transmitted 


through  the  water  and  tends  to  move  the  dia- 
phragm downward.  When  the  pressure  of  the 
steam  from  theactuatlng line  exceedsthe loading 
air  pressure  in  the  lower  half  of  the  dome,  the 
diaphragm  moves  downward  sufficiently  to  diose 
the  valve.  The  closing  of  the  valve  reduces  the 
pressure  of  the  steam  on  the  discharge  side  of 
the  valve.  When  the  pressure  on  the  outlet  side 
of  the  valve  is  equal  to  the  air  pressure  in  the 
lower  half  ofthedome,  thevalvetakesa  balanced 
position  which  allows  the  passage  of  sufficient 
steam  to  maintain  that  pressure. 

If  the  load  Increases,  tending  to  take  more 
steam  away  from  the  valve,  the  outlet  pressure 
will  be  momentarily  reduced.  Thus,  thepressure 
of  steam  on  top  of  the  diaphragm  becomes  less 
than  the  pressureof  air  belowthe  diaphragm,  and 
the  valve  then  opens  wider  to  restore  the  pres- 
sure to  normal.  It  the  load  is  reduced,  this  causes 
a  momentary  Increase  in  outlet  pressure;  and 
this  in  turn  Increases  the  pressure  on  top  of  the 
diaphragm,  making  it  greater  than  the  air  pres- 
sure below  the  diaphragm.  The  diaphragm  is 
therefore  displaced  downward,  and  the  outlet 
pressure  is  again  restored  to  normal. 

DIAPHRAGM  CONTROL  VALVES  WITH  AIR- 
OPERATED  CONTROL  POiOTS.-Dlaphragm 
control  valves  with  air-operated  control  pilots 
are  being  used  Increasingly  on  newer  ships  for 
various  pressure-control  applications.  These 
valves  and  pilots  are  available  in  several  basic 
designs  to  meet  different  requirements.  They 
may  be  used  to  reduce  pressure,  to  augment 
pressure,  or  to  provide  continuous  riegulatlonof 
pressure,  depending  upon  the  requirements  of  the 
system  in  which  they  are  Installed.  Valves  and 
pilots  of  very  similar  design  can  also  be  used  for 
other  services  such  as  liquid  level  control  and 
temperature  control.  However,  the  discussion 
here  is  limited  to  the  valves  and  pilots  that  are 
used  for  pressure- control  applications. 

The  air-operated  control  pilot  may  be  either 
direct  acting  or  reverse  acting.  A  direct-acting 
air-operated  control  pilot  is  shown  in  figure 
14-23.  In  this  type  of  pilot,  the  controlled  pres- 
sure—that is,  the  pressure  from  the  discharge 
side  of  the  diaphragm  control  valve— acts  on  top 
of  a  diaphragm  in  the  control  pilot.  This  pres- 
sure is  balanced  by  the  pressure  exerted  by  the 
pilot  adjusting  spring.  If  the  controlled  pressure 
Increases  and  overcomes  the  pressure  exerted 
by  the  pilot  adjusting  spring,  the  pilot  valve  stem 
is  forced  down.  This  action  causes  the  pilot  valve 
to  open  and  so  to  Increase  the  amount  of  operating 
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Figure  14-23.-Air- 

air  pressure  going  from  the  pilot  to  the  diaphram 
control  valve.  A  reverse-acting  pilot  has  a  lever 
which  reverses  the  pilot  action,  bi  a  reverse- 
acting  pilot,  therefore,  an  increase  in  controlling 
pressure  produces  a  decrease  in  operating  air 
pressure. 

In  the  diaphragm  control  valve,  operating  air 
from  the  pilot  acts  on  the  valve  diaphragm.  The 
superstructure  which  contains  the  diaphragm  is 
direct  acting  in  some  valves  and  reverse  acting 
in  others.  If  the  superstructure  is  direct  acting, 
the  operating  air  pressure  from  the  control  pilot 
is  applied  to  the  top  of  the  valve  diaphragm.  If 
the  superstructure  is  reverse  acting,  the  operat- 
ing air  pressure  from  the  pilot  is  applied  to  the 
underside  of  the  valve  diaphragm. 
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operated  control  pilot. 

Figure  14-24  .shows  a  very  simple  type  of 
direct-acting  diaphragm  control  valve,  with 
operating  air  pressure  from  the  control  pilot  ap- 
plied to  the  topofthevalve diaphragm.  Since  this 
is  a  downward  seating  valve,  any  increase  in 
operating  air  pressure  pushes  the  valve  stem 
down  and  tends  to  close  the  valve. 

Now  let  us  look  at  figure  14-25.  This  is  also 
a  direct-acting  valve,  with  operating  air  pres- 
sure from  the  control  pilot  applied  to  the  top  of 
the  valve  diaphragm.  But  the  valve  shown  in 
figure  14-25  is  more  complicated  than  the  one 
shown  in  figure  14-24.  The  valve  shown  in  figure 
14-25  is  an  upward  seating  valve,  rather  than  a 
downward  seating  valve.  Therefore,  any  increase 
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Figure  14-24.*Dlrect-actlng  downward  seating 
diaphragm  control  v^ve. 

In  operating  air  pressure  from  ttie  control  pilot 
tends  to  open  this  valve  rather  than  close  It. 

As  we  have  seen,  the  air-operated  control 
pilot  may  be  either  direct  acting  or  reverse  act- 
ing, the  superstructure  of  the  dlajdiragm  control 
valve  maybe  eltherdlrectactlngor reverseact- 
ing,  and  the  diaphragm  control  valve  may  be 
either  iqpward  seating  or  downward  seating. 
These  three  factors,  as  well  as  the  purpose  of  the 
installation,  determine  how  the  diaphragm  con- 
trol valve  and  Its  air-operated  control  pilot  are 
Installed  In  relation  to  each  other. 

To  see  how  these  factors  are  related,  let  us 
consider  an  Installation  In  v^lch  a  diaphragm 
control  valve  and  Its  air-operated  control  pilot 
are  to  be  used  to'  supply  reduced  pressure  steam. 
Figure  14-26  shows  one  arrangement  that  might 
be  used.  We  will  assume  that  the  service  require- 
ments Indicate  the  need  for  a  direct-acting  up- 
ward seating  dlaidiragm  control  valve.  What  Und 
of  a  control  pilot— direct  acting  or  reverse  act- 
ing would  have  to  be  used  In  this  Installation? 


Suppose  that  we  try  It  first  with  a  direct-act- 
ing control  pilot.  As  the  controlled  pressure  (dis- 
charge pressure  from  the  diaphragm  control 
valve)  Increases,  increa^sed  pressure  would  be 
applied  to  the  diaphragm  of  the  direct-acting  con* 
trol  pilot.  The  valve  stem  *Muld  be  pushed  down 
and  the  valve  In  the  control  pilot  would  be  opened, 
thus  sending  an  Increased  amount  of  operating 
air  pressure  from  the  control  pilot  to  the  top  of 
the  diaphragm  control  valve.  The  Increased 
operating  air  pressure  acting  on  the  diaphragm 
of  the  valve  would  push  the  stem  down  and^slnce 
this  is  anupwardseatingvalve— this  action  would 
open  the  diaphragm  control  valve  still  wider.  Ob- 
viously, this  will  not  work.  For  this  application, 
an  Increase  In  controlled  pressure  must  result 
In  a  decrease  In  operating  air  pressure.  There- 
fore, we  should  have  chosen  a  reverse-acting 
control  pilot  rather  ttian  a  direct-acting  one  for 
this  particular  pressure-reducing  application. 

It  Is  left  as  an  exercise  to  the  student  to  trace 
the  sequence  of  events  as  theywould  occur  with  a 
reverse-acting  control  pilot  installed  in  the  ar- 
rangement shown  in  figure  14-26. 
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Figure  14-25.— Direct-acting  upward  seating 
diaphragm  control  valve. 
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Figure  14-26.~Arrangement  of  control  pilot  and 
diaphragm  control  valve  for  supplying  reduced 
pressure  steam. 

UNLOADING  VALVES.-  An  automatic  un- 
loading valve  (also  called  adumping  valve)  is  in- 
stalled at  each  main  and  auxiliary  condenser. 
The  function  of  the  unloading  valves  is  to  dis- 
charge steam  from  the  auxiliary  exhaust  line  to 
the  condensers  whenever  the  auxiliary  exhaust 
line  pressure  exceeds  the  design  operating  pres- 
sure. 

An  automatic  unloading  valve  is  shown  in 
figure  14-27.  Auxiliary  exhaust  steam  is  led 
through  valve  A  to  the  top  of  the  actuating  valve 
diaphragm.  The  actuating  val\'e  is  double  seated, 
and  one  side  is  open  when  the  other  is  closed. 
V/hen  the  auxiliary  exhaust  line  pressure  is  less 
than  the  pressure  for  which  the  unloading  valve 
is  set,  the  upper  seat  is  closed  and  the  lower  seat 
is  open.  The  valve  is  thus  held  by  the  diaphragm 
spring.  Steam  passes  into  the  line  through  valve 
B  and  goes  under  the  unloading  valve  diaphragm. 
The  pressure  acting  on  this  diaphragm  holds  the 
unloading  valve  tip  and  closed.  If  the  auxiliary  ex- 
haust pressure  exceeds  the  pressure  of  the  ac- 
tuating valve  diaphragm  spring,  the  diaphragm 
is  forced  downward  and  the  lower  seat  closes 
while  the  upper  seat  opens.  This  makes  a  direct 
connection  between  the  top  and  the  bottom  of  the 
unloading  valve  diajdiragm  through  the  actuating 
valve.  The  equalized  pressure  on  thediajdiragm 
allows  the  auxiliary  exhaust  pressure  to  force  the 
unloading  valve  down  and  steam  is  thus  unloaded 


to  the  condenser.  The  unloading  pressure  can  be 
adjusted  by  turning  an  adjustihg  screw,  thereby 
changing  the  force  exerted  on  the  actuating  valve 
diaphragm. 

Thermostatic  Recirculating  Valves 

Thermostatic  recirculating  valves  are  used 
in  systems  where  it  is  necessary  to  recirculate 
a  fluid  in  order  to  maintain  the  temperature  with- 
in certain  limits.  Thermostatic  recirculating 
valves  are  designed  to  operate  automatically. 

The  thermostatic  recirculating  valve  shown 
in  figure  14-28  is  used  to  recirculate  condensate 
from  the  discharge  side  of  the  main  air  ejector 
condenser  to  the  main  condenser.5  The  valve  is 
actuated  by  the  temperature  of  the  condensate. 
When  the  condensate  temperature  becomes 
higher  than  the  temperature  fol*  which  the  valve 
is  set,  the  thermostatic  bellows  expands  and  au- 
tomatically opens  the  valve,  allowing  condensate 
to  be  sent  back  to  the  condenser. 

Valve  Manifolds 

A  valve  manifold  is  usedwhen  it  is  necessary 
to  take  suction  from  one  of  several  sources  and 
to  discharge  to  another  unit  or  several  units  of 
the  same  or  a  separate  group.  One  example  of  a 
manifold  is  shown  in  Ttgure  14-29.  This  mani- 
fold is  used  in  the  fueX  oil  filling  and  transfer 
system,  where  provision  must  be  made  for  the 
transfer  of  oil  from  any  tank  to  any  other  tank,  to 
the  ftiel  oil  service  system,  or  to  another  ship. 
The  manifold  valves  are  frequently  of  the  stop- 
check  type. 

Remote  Operating  Gear 

Remote  operating  gear  is  installed  to  provide 
a  means  of  operating  certain  valves  from  distant 
stations.  Remote  operating  gear  may  be  mechan- 
ical, hydraulic,  pneumatic,  or  electric. 

Some  remote  operating  gear  for  valves  is 
used  in  the  normal  operation  of  the  valves.  For 
example,  the  prcqpulsion  turbine  throttle  valves 
are  opened  and  closed  by  a  series  of  reach  rods 
and  gears.  In  the  fireroom,  remote  operating 
gear  is  used  to  operate  the  forced  draft  blowers, 
to  adjust  the  constant-pressiure  pump  governor 
on  the  fuel  oil  service  pump,  and  to  lift  safety 
valves  by  hand. 


^Air  ejector  assemblies  are  discussed  In  chapter  13 
of  this  text. 
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Figure  14-27.— Automatic  unloading  valve. 
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Other  remote  operating  gear  is  installed  as 
emergency  equipment.  For  example,  the  boiler 
steam  stops  have  remote  operating  gear  which 
can  usually  be  operated  from  the  main  deck  or 
from  the  second  deck,  near  the  general  quarters 
station  for  damage  control  personnel  of  Repair 
5  (propulsion  repair).  This  remote  operating 
gear  is  fi^equently  mechanical  or  pneumatic, 
although  hydraulic  remote  operating  gear  is 
used  for  these  valves  on  some  ships.  The  pneu- 
matic and  hydraulic  types  of  remote  operating 
gear  for  these  valves  allow  the  valves  to  be 
closed  but  not  opened  from  the  remote  station. 


Another  example  of  emergency  remote  aper^ 
ating  gear  is  the  gear  that  allows  the  quick- 
dosing  fuel  oil  valve  to  be  closed  from  a  remote 
station  in  the  fire  room  escape  trunk  or  from  the 
deck  above  and  near  the  access  to  the  space. 
Still  other  examples  of  emergency  remote  oper- 
ating gear  include  gear  for  operating  some 
cross-connection  valves,  main  drainage  valves, 
and  main  condenser  injection  and  overboard  dis- 
charge valves. 

Remote  operating  gear  for  valves  includes  a 
i>t7e  position  indicator  to  show  whether  the 
valve  is  open  or  closed.  , 
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Figure  14-28.— Thermostatic  recirculating  valve. 
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Figure  14-29 c— Valve  manifold. 
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IDENTIFICATION  OF  VALVES, 
FITTINGS,  FLANGES,  AND  UNIONS 

Most  valves,  fittings,  flanges,  and  unions  used 
on  naval  sh^s  are  marked  with  identification 
symbols  of  various  kinds.  The  few  valves  and 
fittings  that  are  made  on  board  repair  ships  or 
tenders  or  at  naval  shipyards  are  usually  marked 
with  sjrmbols  indicating  the  manufacturing  activ- 
ity, the  size,  the  melt  or  casting  number,  and 
the  material.  They  may  also  be  marked  with  an 
arrow  to  indicate  the  direction  of  flow. 

Commercially  manufactured  valves,  fittings, 
flanges,  and  unions  may  be  identified  according 
to  the  requirements  of  the  applicable  specifica- 
tions. However,  mai^y  valves,  fittings,  flanges^ 
and  unions  are  now  identified  ^according  to  a 
standard  marking  oystem  developed  by  the  Manu- 
facturers Standardization  Society  (MSS)  of  the 
valves  and  fittings  industry « identification  mark- 
ings in  this  system  usually  include  the  manu- 
facturer's name  or  trademark,  the  pressure  and 


service  for  which  the  piroduct  is  intended,  and 
the  size  (in  inches).  When  appropriate,  material 
identification,  limiting  temperatures,  and  other 
identifying  data  are  included. 

The  MSS  standard  identification  markings 
are  generally  cast,  forged,  stamped,  or  etched 
on  the  exterior  surface  of  the  product.  In  some 
cases,  however,  the  markings  are  applied  taan 
identification  plate  rather  than  to  th3  actual 
surface  of  the  product. 

The  service  designation  in  the  MSS  system 
of  marking  usually  includes  &  letter  to  indicate 
the  type  of  service  and  nu)r.er<ils  to  indicate 
the  pressure  rating  in  psi.  The  lettrrs  used  in 
service  designations  are: 

A  air 

G  gas 

L  liquid 

O  oil 

W  water 

D-W-V   .  drainage,  waste,  and  vent 
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When  the  primary  service  rating  is  for 
steam,  and  when  no  other  service  is  indicated, 
tho  service  designation  may  consist  of  numerals 
orJy.  For  example,  the  number  600  marked  on 
the  body  of  a  valve  would  indicate  that  the  valve 
is  suitable  for  steam  service  at  600  psi.  If  the 
valve  is  designed  for  water  at  600psi,  the  serv- 
ice designation  would  be  600  W.  Service  desig- 
nations are  also  used  in  combination;  for  exam- 
ple, 3000  WOG  indicates  a  product  suitable  for 
water,  oil,  or  gas  service  at  3000  psi. 

Some  abb.teviatic^s  that  are  commonly  used 
for  material  identification  in  the  MSS  system 
include  the  following: 


,   AL  Aluminum 

B  Bnxize 

CS  Carbon  Steel 

CI  Cast  Iron 

HP  Cobalt-chromium- 
tungsten  alloy  (hard 
focing) 

CU  NI  Copper-nickel  alloy 

NI  CU  , ,  .  .  Nickel-cppper  alloy 

SM  Soft  metal  (lead.  Bab- 

biit,  copper,  e^^J) 
CR13  13*percent  chrom- 
ium steel 

18  8  18-8  stainless  steel 

18  8SM0  18-8  stainless  steel 

with  molybdenum 
SH  i  .  .  .  Surface-hardened 

steel  (Nitralloy,  etc.) 


Some  examples  of  MSS  standard  identifica- 
tion marking  symbols  are  given  in  figure  14- 30. 

PACKING,  GASKETS,  AND  INSULATION 

Packing  and  gasket  materials  are  required 
to  seal  joints  in  steam,  water,  gas,  air,  oil,  and 
other  lines  and  to  seal  connections  which  slide 
or  rotate  under  operatini^  conditions.  There  are 
many  types  and  forms  of  packing  and  gasket 
material  available  commercially.  To  simplify 
the  selection  of  packing  and  gasket  materials 
commonly  used  in  the  naval  service,  engineer- 
ing pers(mnel  use  a  packing  and  gasket  chart^ 
showing  the  symbol  numbers  and  the  recom- 
mended applications  of  all  types  and  kinds  of 
packing  and  gasket  material. 


The  chart  is  identified  as  NavShips  Mechanical 
Standard  Drawing  B-153. 


The  symbol  nirACbers  used  to  identify  each 
type  of  packing  and  gasket  consists  of  a  four- 
digit  number.  The  first  digit  indicates  the  class 
of  service  with  respect  to  fixed  and  moving 
joints;  the  digit  1  indicates  a  moving  joint  (mov- 
ing rods,  shafts,  valve  stems,  etc.)  »tid  the  digit 
2  indicates  a  fixed  joint  (flanges,  bonnets,  etc.). 
The  second  digit  indicates  the  material  of  which  ^ 
the  packing  or  gasket  is  primarily  composed*-  ! 
asbestos,  vegetable  fiber,  rubber,  metal,  etc.  j 
The  third  and  fourth  digits  indicate  the  different  | 
styles  or  forms  of  the  packing  or  gaskets  made  ; 
from  the  material.  | 

Pressure,  temperature,  and  other  service  1 

conditions  impose  definite  restrictions  upoi)  the  i 

application  of  the  variou  j  kinds  of  packing  and  1 

gasket  materials.  Great  <l:are  must  be  taken  to  [ 

see  that  the  prpper  materials  are  selectf^  for  i 
each  application,  particularly  when  highpres- 
sures  or  high  ^^emperati^res  are  involved. 

Tvisulation  is  used  on  most  i^hipboard  piping 
systems.  Insulation  is  actually  a  composite 
covering  which  includes  (1}  the  insujatingmate- 
rial  itself,  (2)  the  lagging  or  covering,  and  (3)  1 
the  fastenings  which  are  used  to  hold  the  insu-  \ 
lation  and  lagging  in  place.  In  some  instances, 
the  insulation  is  covered  by  material  which 
serves  both  as  lagging  and  as  a  fastening  i£3-  \ 
vice.  : 

][H^ulatk;  ;g  materials  comn;dnly  used  in  the  \ 

l^Lvy  iMclude  magnesia,  calcium  silicate,  dia-  ]■ 

tomaceous  silica,  asbestos  felt,  mineral  wool,  ^ 

fibrous  glass,  and  high  temperature  insulating  ) 

cement.  Cork,  although  light  in  weight  and  easy  \ 

to  handle,  is  not  fire-retardant  ztA  in  burning  I 

it  gives  off  a  dense,  suffocating  smoke;  hence  | 

cork  is  used  only  in  certain  applications  and  ' 

only  after  it  has  been  treated  with  a  fire-  ; 
resistant  compound. 

Lagging  may  consist  of  cloth,  tape,  or  sheet 
metal.  Lagging  serves  to  protect  the  relatively  ' 
soft  insulating  material  from  damage^  to  give 
added  siqpport  to  insulation  that  may  be  sub- 
jected to  heavy  or  continuous  vibration,  and 
to  provide  a  smooth  surface  that  may  be 
painted. 

Lagging  is  secured  in  place  by  sewing  or 
by  using  fire-resistant  adhesives,  insulating 
cement,  or  sealing  compounds.  The  method 
used  to  fosten  the  lagging  in  place  depends  upon 
the  type  of  insulation  used,  the  type  of  lagging 
used,  and  the  service  requirements  of  the  ; 
piping  or  surfaces  to  be  insulated. 
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3-INCH  CAST  STEEL  SCREWED  FITTING  SUIT- 
ABX^  FOR  WATER,  OIL,  OR  GAS  SERVICE  AT 
1000  PSI: 

MMnfactqrer*t  idendflcation  .  .  A  B  CO 

Macerlal  detf giuiiioii   STEEL 

2.INCH  CAST  IRON  FLANGED  FITTING  FOR 
uoc#  in  iu!«j*  xiiVfJSKATlON  SYSTEM: 

Manufeccurer^e  idemiflcedon  .  .  A  B  CO 

Serrice  deeigntdon  500  GL 

Tefn|>eniciire  deeignetion  ....    300  F 

CAST  BRASS  FITTING  FORDRAINAGE,  WASTE, 
AND  VENT  SERVICE: 

Manoftctarer's  idendficedon  .  .  A  B  CO 
Service  detigiwson  ......  D-W-V 

2-INCH  BRONZE  VALVE  RECOMMENDED  BY  r 
THE  MANUFACTURER  FOR  200  PSI  STEAM 
SERVICE: 

Mannfaccarer's  idendficadon  .  .  A  B  CO 
Service  deaignacion  200 

4.INCH  STEEL  VALVE  WITH  13  PERCENT 
CHROMIUM  STEEL  VALVE  STEM.  DISK,  AND 
SEAT.  SUITABLE  FOR  1500  PSI  STEAM  SERV- 
ICE AT  TEMPERATURE  OF  NO  MORE  THAN 
850*  F: 


VALVE  BODY  MARKING: 
Mannfactvrer*a  idcfidftcadoii  .  .  ADCO 

Service  deaignation   1$00 

Material  deaignadon  STEEL 

Size   4 

IDENTIFICATION  PLATE  MARRING: 
Mairafacfarer*a  idendficadon  .  .  A  B  00 

Service  deaignadon   1500 

Limiting  tenperatvrc  MAX  850  F 

Body  aiaterial  deaignadon  .  .  .  STEEL 
Valve  atcmaiaterial  deaignation  .  STEMCR  13 
Valve  dials  aMterial  deaignadon  .  DISC  CR  13 
Valve  aeatowtcrial  deaignadon  .  SEAT  CR  13 
Size   4 
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FIgare  14->30.-Exaii9le8  of  MSS  standard  identlficatioQ  markings  for  valves, 

fittings,  flanges,  and  unions. 
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SAFETY  PRECAUTIONS 

Most  Piping  system  rqpairs  involve  breaking 
oints  in  the  piping  system.  Before  breaking 
oints  in  any  sh^board  piping  system,  be  sore 
the  following  precantians  are  observed: 


U  Be  sure  there  is  no  pressure  on  the  line. 
This  is  inqxMrtant  in  practically  all  systems,  but 

is  of  vital  inqiortance  in  steam  lines,  hot 
water  Itaies,  and  any  salt  water  lines  that  nuy 
have  a  direct  connection  with  the  sea.  R  is  not 
nough  to  merely  close  the  valves;  the  valves 
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must  be  locked  or  wired  shut  and  must  be  tagged 
80  that  they  wUl  not  be  opened  accidentally. 

2.  Be  sure  that  the  line  Is  completely 
drained. 

3.  In  breaking  a  flanged  Joint,  leave  two 
diametrically  opposite  securing  nuts  in  place 
while  loosening  the  others.  Then  slack  ott  on 
the  last  two  nuts.  When  you  are  sure  beyond 
the  slightest  doubt  that  the  line  is  clear,  remove 
the  nuts  and  break  the  Joint. 

4.  Take  all  appropriate  precautions  to  pre- 
vent fire  and  esqplosion  when  cutting  into  lines 


or  breaking  Joints  in  systems  that  have  contained 
flammable  fluids. 

5.  Observe  all  safety  precautions  required 
in  ccHmection  with  welding,  brazing,  or  other 
processes  used  in  r^airing  the  piping. 

6.  Before  repaired  p^ing  is  put  back  into 
service,  various  tests  and  inspections  may  be 
required.  Specific  requirements  for  tests  and 
inspections  may  be  given  along  with  instructions 
for  the  repair  Job;  or  you  may  find  test  and 
inspection  requirements  indicated  on  the  plans 
or  blueprints.  If  specific  instructions  are  not 
given,  consult  chapter  9480  of  the  Naval  Shtos 
Technical  Manual. 
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CHAPTER  15 

PUMPS  AND  FORCED  DRAFT  BLOWERS 


This  chapter  deals  with  shipboard  pumps  and 
with  the  forced  draft  blowers  used  aboard  many 
surface  ships  to  supply  combustion  air  to  the 
propulsion  boilers.  In  general,  we  are  concerned 
here  with  the  driven  end  of  the  units  rather  than 
with  the  driving  end;  the  auxiliary  steam  turbines 
used  to  drive  many  pumps  and  blowers  are  dis- 
cussed in  chapter  16  of  thlstesct^andthe  electric 
motors  used  to  drive  others  are  discussed 
In  chapter  20. 

PUMPS 

I  As  we  saw  In  chapter  8,  the  pump  Is  one  of 
the  five  basic  elements  In  any  thermodynamic 
cycle.  The  function  of  the  pump  Is  to  move  the 
working  substance  from  the  low  pressure  side 
of  the  system  to  the  high  pressure  side.  In  the 
conventional  steam  turUne  propulsion  plant, 
''the  pump"  of  the  thermodynamic  cycle  Is  ac- 
tually three  pumps-*the  condensate  pump,  the 
feed  booster  pump,  and  the  main  feed  pump. 

In  addition  to  these  three  pumps  v^ch  are  a 
part  of  the  basic  thermodynamic  cycle,  there  are, 
of  course,  a  large  number  of  pumps  used  fbr 
other  purposes  aboard  ship.  Pumps  mspply  sea 
water  to  the  firemains,  circulate  cooling  water 
for  condensers  and  coolers,  empty  the  bilges, 
transfer  fuel  oil,  discharge  ftiel  oil  to  the 
burners,  siqpply  lubricating  oil  to  main  and  auxil- 
iary machinery,  stqpplyseawatertothedlstilUng 
lAant,  pump  the  distillate  into  storage  tanks,  sup- 
ply liquid  under pressureforuselnhydraulically 

.operated  equipment^  and  provide  a  variety  of 
other  vital  services. 

Pumps  Sire  used  to  moveany  substance  which 
flows  or  which  can  be  made  to  flow.  Most  com- 
monly, punqis  are  used  to  move  water,  oil,  and 
other  liquids.  However,  air,  steam,  and  otter 
gases  are  also  fluid  and  can  be  moved  with 
pumps,  as  can  such  siAstances  as  molten  metal, 
sludge,  and  mud. 


A  pump  is  essentially  a  device  which  utilizes 
an  external  source  ot  :«ower  toapplyaforce  to  a 
fluid  in  order  to  move  the  Huld  from  one  place 
to  another.  A  pum»«  develops  no  energy  of  its  own; 
it  merely  transforms  energy  from  the  external 
source  (steam  turbine,  electric  motor,  etc.)  into 
mechanical  kinetic  energy,  which  is  manifested 
by  the  motion  of  the  fluid.  This  kinetic  energy  is 
then  utilized  to  do  work— for  example,  to  raise 
a  liquid  from  one  level  to  another,  as  when  water 
is  raised  from  a  well;  to  transport  a  liquid 
through  a  pipe,  as  when  oil  is  carried  through  an 
oil  pipeline;  to  move  a  liquid  against  some 
resistance,  as  when  water  is  pumped  to  aboiler 
under  pressure;  or  to  force  a  liquid  through  a 
hydraulic  system,  against  various  resistances, 
for  the  purpose  of  doing  work  at  some  point. 

Principles  and  Definitions 

Before  considering  specific  designs  of  ship- 
board pumps,  it  may  be  helpful  to  examine 
briefly  certain  basic  concepts  and  to  define  some 
of  the  terms  conmionly  used  in  connection  with 
pumps. 

FORCE  -  PRESSURE  -  AREA  RELATION- 
SH1PS^?s;When  we  strike  the  end  of  abar,  the  main 
force  of  the  blow  is  carried  straight  through  to 
the  other  end.  This  haiqpens  because  the  bar  is 
rigid.  The  direction  of  the  blow  ahnost  entirely 
determines  the  direction  of  the  transmitted 
force.  The  more  rigid  the  bar,  the  less  force  is 
lost  inside  the  bar  or  transmitted  outward 
at  right  angles  to  the  direction  of  the  blow. 

When  we  apply  pressure  to  ttie  end  of  a  colunm 
of  confined  liquid,  however,  the  pressure  is 
transmitted  not  only  stralghtttiroughto  the  other 
end  but  also  equally  and  undiminished  in  every 
direction.  Figure  15-1  illustrates  the  difference 
between  pressure  applied toarigldbarandpres- 
sure  applied  to  a  column  of  contained  liquid. 


3S8 


miNCIPLES  OF  NAVAL  ENGINEERING 


ERLC 


5.180 

Figure  15-1  .—Results  of  pressure  applied  to  a 
rigid  bar  (left)  and  to  a  column  of  liquid  (ri^t). 

The  princlifle  that  pressure  is  transmitted 
equally  and  undiminished  in  all  directions 
through  a  contained  liquid  Is  known  as  Pascal^s 
principle.  This  principle  may  be  regarded  as  the 
basic  laV  or  foundation  of  thescienceofhydrau- 
Ucs.' 

An  important  coroUsuy  of  Pascal's  principle 
is  that  the  transmission  of  pressura  throu^  a 
liquid  is  notalteredbyttie  shape  of  the  container. 
This  idea  is  illustrated  in  figure  15-2.  B  ttie 
pressure  due  to  the  wei^  of  the  liquid  is  8  psi 
at  any  one  point  on  the  horizontal  line  it  is  8 
psi  at  every  point  along  ItoeH.  The  pressure  due 
to  the  weight  of  the  flouiarat  any  level  ttms 
depends  upon  the  vertf&al  distance  from  the 
chosen  level  to  the  surface  ofthe  liquid.  The  ver- 
tical distance  between  two  bortaontal  levels  in  a 
liquid  is  known  as  the  head  of  the  liquid.  (Since 
various  kinds  of  head  enter  into  pump  calcola- 
tionSy  the  term  h«ul  is  more  fully  discussed 
later.) 


Pressure  is  defined  as  force  per  unit  area. 
Alternatively^  we  may  say  that  force  is  equal  to 
pressure  times  area.  Figure  15-3  shows  how  a 
force  of  20  pounds  acting  on  a  piston  with  an  area 
of  2  square  inches  can  produce  a  force  of  200 
pounds  an  a  piston  with  an  area  of  20  square 
Inches.  The  system  would,  of  course,  work  the 
same  in  reverse.  If  we  consider  piston  2  as  the 
the  input  piston  and  piston  1  as  the  output  piston, 
then  the  output  force  would  be  1/10  the  input 
force. 

We  are  now  in  a  position  to  state  a  general 
rule:  If  two  pistcms  are  used  in  ah3rdraulic  sys- 
tem, the  force  acting  on  each  will  be  directly 
proporticmal  to  its  area,  and  the  magnitude  of 
each  force  will  be  the  product  of  the  pressure 
and  the  area. 

The  second  basic  rule  for  two  pistons  in  a 
hydraulic  system  such  as  the  one  shown  in  fig- 
ure 15-3  may  be  stated  as  follows:  Thedistance 
moved  by  each  piston  is  inversely  proportional 
to  the  area  of  the  piston.  Thus  if  piston  1  in  fig- 
ure 15-3  is  pushed  down  1  inch,  piston  2  will  be 
raised  1/10  inch. 

Consideration  of  the  two  basic  rules  just 
stated  leads  us  to  another  basic  rule:  The  input 
force  multliflied  by  the  distance  through  which  it 
moves  is  enctly  equal  to  the  output  force 
mult4>lled  by  the  distance  through  which  it  moves 
(disregarding  energy  losses  due  to  friction).  In 
essence,  this  rule  Is  merely  another  statementof 
the  general  energy  equatlon^that  is,  energy  tii^ 
energy  out. 

PUMP  CAPACITT.— The  capacity  of  a  pump 
is  ttie  amount  of  liquid  the  pump  can  handle  in  a 
given  period  of  time.  For  marine  applications, 
the  ci4)acity  of  a  pump  is  usually  stated  in  gal- 
lons per  minute  (gpm). 

PRESSURE  HEAD.^The  power  required  to 
drive  a  pump  is  a  ftmction  of  pump  capacity  and 
of  the  total  head  against  which  the  pump  oper- 
ates. Previously  we  defined  head  quite  simply 
as  the  vertical  distance  between  two  horizontal 
levels  in  a  liquid.  Since  a  pump  may  be  installed 
above,  at,  or  below  the  surface  of  the  source  of 
supply,  it  is  obvious  that  other  factors  must  enter 
into  the  discussion  of  pressure  head  as  applied 
to  pumps. 

When  the  pump  is  installed  at  the  same  level 
as  the  free  surface  of  the  source  of  supply,  no 
new  considerations  need  apply  since  the  pump 
merely  acts  on  the  liquid  like  any  other  applied 
force. 
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Figure  15*2.— Pressure  In  liquid  Is  not  affected  by  ttie  shape  of  ttie  vessel. 


When  the  pump  Is  Installed  below  this  level, 
I  as  shown  In  figure  15*4^  a  certain  amount 
of  energy  in  flie  form  of  gravity  head  will  already 
be  available  when  ttie  Uquia  enters  ttie  pump.  Ih 
other  words,  ttiere  is  a  static  pressure  head,  A. 
on  the  suction  side  of  ttie  pump.  This  head  is  part 
of  the  total  input  head  necessary  to  produce  the 
I  output  head,  F,  ttiat  is  required  to  raise  ttie 
liquid  to  the  top,  T,  of  ttie  discharge  reservoir. 


4.7 

Figure  IS-S.-^Relatlonsb^  of  force,  pressure, 
and  area  In  a  simiie  hydraulic  system. 


The  action  of  the  pump  produces  the  total  head 
differential.  B,  which  can  be  broken  down  into 
frictlcm  loss,  C,  and  net  static  discharge 
head,  D.  Since  p  is  the  vertical  distance  from 
ttie  surface  of  the  supply  liquid  to  the  surface  of 
ttie  liquid  in  ttie  discbarge  reservoir,  it  is  clear 
that  our  previous  definition  of  head  would  apply 
only  to  JD.  E,  the  total  static  discharge  head,  is 
ttie  vertical  distance  from  ttie  center  of  the  pump 
to  the  surface  of  the  liquid  in  ttie  discharge  res- 
ervoir; thus,  ^  is  equal  to  D  plus  A, 

As  may  be  seen  in  figure  15*4,  atmospheric 
pressure  is  acting  upon  ttie  free  surAce  of  the 
siqiply  liquid  and  upon  ttiis  free  surfoce  of  ttie 
llqM  in  ttie  discharge  reservoir.  Since  atmos- 
pheric pressure  is  exerted  equally  on  both  sides 
of  the  pump,  in  this  system,  ttie  two  heads  created 
by  atmospheric  pressure  cancel  out. 

Now  consider  the  case  of  a  pump  that  is  in- 
stalled a  vertical  distance  A,  above  the  free  sur- 
ftee^ofthesi9plyllquld(fig.l5*5).ln  tills  case, 
energy  must  be  supplied  merdy  to  get  the  liquid 
into  flie  pump  (static  suction  lift  A),  b  addition, 
energy  must  be  scqppUed  to  produce  ttie  static 
dlsdiarge  head^  X  ^  Ucpdd  is  to  be  raised 
to  ttie  top  of  the  discharge  reservoir,  T.  ^  the 
total  head  differential  produced  by  pomp  action, 
is  here  the  total  energy  input.  R  is  iHvided  into 
A  on  flie  suction  stde^ttie  head  required  to  raise 
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Figure  15-4.--Pre88ure  head  (pump  Installed 
below  surface  of  supply  liquid). 

the  liquid  to  the  pilmp^  and  C  (friction  loss)  plus 
B  (static  dlschargfe  head)  on  ttie  discharge  side. 
Atmospheric  pressure  cancels  out  here,  as 
btforey  ocept  that  in  this  case  ttie  atmospheric 
pressure  at  S  is  required  to  lift  ttie  liquid  to  the 
pump. 

b  botti  of  the  cases  Just  described,  we  have 
dealt  witti  systems  which  were  open  to  the  atmos- 
phere. Now  let  us  examine  ttiehead  relationships 


in  a  closed  system  such  as  the  one  shown  in  fig- 
ure 15-6. 

In  this  system,  a  pump  Is  being  used  to  drive 
a  work  piston  back  and  forth  Inside  a  cylinder .  We 
will  assume  that  the  pump  must  develop  a  pres- 
sure equivalent  to  head  in  order  to  drive  the 
piston  back  and  forth  against  ttie  resistance  of- 
fered. Under  this  assumption,  ttie  totalhead dif- 
ferential, B,  must  be  produced  by  the  pump  after 
the  system  has  begun  to  operate.  Bis  the  sum  of 
the  f rictton  head  (or  friction  losses),  and  ttie 
static  discharge  head,  D.  Since  D  is  equal  to 
D  ttierefore  produces  the  pressure  required  to 
do  ttie  work. 

Since  the  Uqqid  returns  to  its  original  level 
and  the  system  is  closed  ttirou^out,  ttiere  will 
be  a  siphon  effect  in  ttie  return  pipe  which  will 
exactly  balance  the  static  suction  lift.  A, 
Therefore,  ateiospherlc  pressure  plays  a  part 
in  the  operation  of  this  system  only  v^en  the  sys- 
tem is  being  started  up,  before  the  entire  system 
has  been  filled  wltti  liquid. 

At  ttiis  point,  we  may  pause  and  consider  ttie 
various  ways  in  wMch  ttie  term  head  has  been 
used,  and  attempt  to  formulate  a  definition^  From 
previous  discussion,  we  may  infer  that  head  is 
(1)  measured  In  feet;  (2)  somdiow  related  to 
pressure;  and  (3)  taken  as  some  Undof  a  meas- 
ure of  energy.  But  what  is  it? 
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Figure  15-5.— Pressure  head  {pomp  Instailled 
stave  surCaee  of  supply  liquid). 
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Figare  l5-6.-*Pressure  head  (closed  system). 
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j^icaXLy,  head  is  a  measure  of  the  pressure 
exe.ted  by  a  column  or  body  of  liquid  because  of 
the  weight  of  the  liquid.  In  the  case  of  water,  we 
find  that  x  column  of  fresh  water  2.309  feet  high 
exerts  a  pressure  of  1  pound  per  square  inch. 
When  we  refer  to  a  head  of  water  of  2*309  feet, 
we  know  that  the  water  is  exerting  a  pressure  of 
1  psibecauseof  its  own  weight  Thus,  a  reference 
to  a  head  of  so  many  feet  of  water  does  imply  a 
reference  to  the  pressure  exerted  by  that  water. 

The  situation  is  somewhat  dilKerent  when  we 
have  a  horizontal  pipe  through  which  water  is 
being  pumped.  In  this  case,  thehead  is  calculated 
as  the  vertical  distance  that  would  correspond  to 
the  pressure.  U  the  pressure  in  the  horizontal 
pipe  is  1  psi,  then  the  head  on  the  liquid  in  the 
pipe  is  2.309  feet.  Further  calculations  ahowthat 
a  head  of  1  foot  corresponds  to  a  pressure  of 
0.433  psi. 

The  relationship  between  head  and  energy  can 
be  clarified  by  considering  that  (1)  work  is  a  form 
of  energy— mechanical  energy  in  transition;  (2) 
work  Is  the  product  of  a  force  times  the  distance 
tturoue^  vAIch  it  acts;  and  (3)  for  liquids,  the  work 
performed  is  equal  to  the  vcflume  of  liquid  moved 
times  the  head  against  vMch  it  is  moved.  Thus 
the  head  relationships  lustually  indicate  some  of 
the  energy  relatiocships  fbr  a  given  quantity  of 
Uqqld. 


VELOCITY  HEAD.  -  The  head  required  to 
impart  velocity  to  a  liquid  is  known  as  vdoctty 
head.  R  is  equivalent  to  the  distance  throu^ 
which  the  liquid  would  have  to  tall  in  order  to  ac- 
quire the  same  velocity.  V  we  know  the  velocity 
of  the  liquid,  we  can  compute  the  velocity  head 
by  the  formula 

v2 
2g 

where 

»  velocity  head,  in  feet 

V  >  velocity  of  liquid,  in  feet  per  second 

g  '  acceleration  due  to  gravity  (32.2  feet  per 
second  per  second) 


ity.  However,  velocity  head  does  not  represent  a 
total  loss,  since  at  least  a  portion  of  the  velocity 
head  can  always  be  reconverted  to  static  pres- 
sure head. 

FRICTION  HEAD.— The  force  or  pressure 
required  to  overcome  friction  is  also  chained  at 
the  esqpense  of  the  static  pressure  head.  Unlike 
velocity  heady  however,  friction  head  cannot  be 
''recovered"  or  reconverted  to  static  pressure 
head,  since  fluid  friction  results  in  the  conver- 
sion^ of  mechanical  Unetlc  energy  to  theimal 
energy.  Since  ttds  thermal  energy  is  usiudly 
wasted,  friction  head  must  be  considered  as  a 
total  loss  from  the  system. 

BERNOULLI'S  THEOREM.-At  any  point  in 
a  system,  the  static  pressure  head  will  always 
be  the  original  static  pressure  head  minus  the 
velocity  head  and  minus  the  friction  head.  Since 
both  velocity  head  and  friction  hcAd  represent 
energy  which  comes  from  the  original  static 
pressure  head,  the  sum  of  the  static  pressure 
head,  the  velocity  head,  and  the  friction  head  at 
any  point  in  a  system  mu8taddq;>to  the  original 
static  pressure  head.  This  general  principle, 
which  is  known  as  Bernoulli 's  tlieorem,  may  also 
be  expresBed  as 


P  p 
*D2g^D2g 


where 


Z 
P 

D 
V 
g 


U 
Wk 
Q 


«  elevation,  in  feet 

s  absolute  pressure,  in  poimds  per  square 
foot 

s  density  of  liquid,  in  pounds  per  cubic  foot 

«  velocity,  in  feet  per  second 

«  acceleration  due  to  gravity  (32.2  feet  per 

second  per  second) 
M  the  mechanical  equivalent  of  heat,  778foot- 

poundsper  Bta 
*  internal  energy,  in  Btu 
«woric,  in  foot-pounds 
»heat  transferred,  in  Btu 


er|c 


Ita  a  sense,  velocity  head  is  6blained  at  ttie 
expense  oaf  pressure  head.  Whenever  a  liquid  is 
given  a  yeloeity,  wome  part  of  the  original  static 
pressure  bead  must  beusedtoinqiartttisvdoc- 


When  written  In  flds  form,  BemoulU's  iheo- 
may  be  reacSly  recogidsed  as  a  q>ectal 
statem^  of  the  general  energy  equation.  The 
bracketed  term  r presents  energy  in  transition 
as  work,  energy  in  transition  as  heat,  and  ttie 
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increase  in  internal  energy  of  the  fluid  arising 
from  friction  and  turbulence.  In  some  cases  of 
fluid  flow,  all  elements  in  thebracketed  term  are 
of  such  small  magnitude  :  lat  they  may  be  safely 
disregarded. 

Consideration  of  Bernoulli's  theorem  indi- 
cates that  the  term  pressure  head,  as  used  in 
connection  withpumps  and  other  hydraulic  equip- 
ment, is  actuallyameasure  of  mechanical  poten- 
tial energy;  that  velocity  head  is  a  measure  of 
mechanical  Mnetlc  energy;  and  that  friction  head 
is  a  measure  of  the  energy  which  departs  from 
the  system  as  thermal  energy  in  the  form  of  heat 
or  of  the  energy  which  remains  in  the  liquid,  gen- 
erally unusable,  in  the  form  of  internal  energy. 

Types  of  Pumps 

Pumps  are  iso  widely  used  for  such  varied 
services  that  the  number  of  different  designs  is 
almost  overwhelming.  As  a  general  rule,  how- 
ever, it  may  be  stated  that  all  pumps  are  designed 
to  move  fluid  substances  from  one  point  to  an- 
other by  pushing,  pulling,  or  throwbig,  or  by  some 
combination  of  these  three  methods. 

Every  pump  has  a  power  end  and  afluid  end. 
The  power  end  may  be  a  steam  turbine,  a  recip- 
rocating steam  engine,  a  steam  Jet,  or  an  elec- 
tric motor.  In  steam-driven  pumps,  the  power 
end  is  often  called  the  steam  end.  The  fluid  end 
is  usually  called  the  pump  end.  However,  it  may 
be  called  the  liquid  end>  the  water  end,  the  oil 
end,  or  some  other  term  to  indicate  the  nature 
of  the  fluid  substance  being  jAmiped. 

Pumps  are  classified  in  a  number  of  different 
ways  according  to  various  design  and  opera- 
tional features.  Perhaps  the  basic  distinction  is 
between  positive-displacement  pumps  and  con- 
tinuous-flow pumps.  Pumps  may  also  be  classi- 
fied according  to  ttie  type  of  movement  that 
causes  ttie  pumping  action;  by  ttiis  classification, 
we  have  reciprocating,  rotary,  centrlftigal,  pro- 
peller, and  jet  pumps.  Another  classification  may 
be  made  according  to  speed;  some  pumps  run  at 
variable  speed,  ottiers  at  constant  speed.  Some 
pumps  have  a  variable  ciqiacity,  others  discharge 
at  a  constant  rate.  Some  pumps  are  self-priming, 
others  require  a  positive  pressure  on  die  suction 
side  before  they  can  t>egin  to  operate.  These  and 
other  disjtinctions  are  noted  as  appropriate  in  die 
following  diteussion  of  specific  types  of  pumps. 

RECIPROCATING  PUMPS.-A  reciprocating 
pomp  moves  water  or  ottier  liquid  by  means  of 
a  plunger  or  piston  fiiat  reciprocates  Inside  a 


cylinder.  Reciprocating  pumps  are  positive- 
displacement  pumps;  each  stroke  displaces  a 
certain  definite  quantity  of  liquid,  regardless  of 
the  resistance  against  which  the  pump  is  operat- 
ing. 

The  two  main  parts  of  a  reciprocating  pump 
are  the  water  end,  ^ich  consistsofapiston  and 
cylinder  arrangement  and  appropriate  suction 
and  discharge  valves,  and  the  steam  end^,  which 
consists  of  another  piston  and  cylinder  and  ap- 
propriate valves  for  the  admission  and  release 
of  steam. 

Reciprocating  pumps  in  naval  service  are 
usually  classified  as: 

1.  Direct-acting  or  indirect-acting. 

2.  Simplex  (single)  or  duplex  (double). 

3.  Single-acting  or  double-acting. 

4.  High  pressure  or  low  pressure. 

5.  Vertical  or  horizontal. 

The  reciprocating  pump  aho^  in  figure  15- 7 
is  a  direct- acting,  simplex,  double-acting,  high 
pressure,  vertical  pump.  N6w  let  usseewhatall 
these  terms  mean,  with  reference  to  the  pump 
shown  in  the  illustration. 

The  pump  is  direct-acting  because  the  pump 
rod  is  a  direct  extension  of  the  piston  rod;  thus 
the  piston  in  the  power  end  is  directly  connected 
to  the  plunger  in  the  liquid  end.  Most  reciprocat- 
ing pumps  used  in  the  Navy  are  direct-acting.  An 
indirect-acttng  pump  may  be  driven  by  meansof 
a  beam  or  linkage  which  is  connected  to  and  mo- 
tivated by  the  steam  piston  rod  of  a  separate  re- 
ciprocating engine;  or  it  may  be  driven  by  a  crank 
and  connecting  rod  mechanism  which  is  operated 
by  a  steam  turbine  or  an  electric  motor.  An  in- 
direct-acting pump  might  appear  to  have  only 
one  end— that  is,  the  pump  end.  However,  this 
pump,  as  all  others,  must  have  a  power  end  as 
well;  the  separate  engine,  turbine,  or  motor 
which  drives  die  pomp  is  die  actual  power  end  of 
the  pump. 

The  pump  shown  in  figure  15-7  is  called  a 
single  or  simplex  pump  because  it  has  only  one 
liquid  cylinder.  Simplex  pumps  may  be  eidier 
direct-acting  or  indirect-acting.  A  double  or 


^  Practically  all  rec^irooatingpomps  in  naval  use  are 
steam  driven.  However,  a  few  low  pressure,  motor*- 
driven  reciprocating  pampM  are  used  for  fresh  water, 
sanitary,  bilge,  ballast,  and  fuel  oU  transfer  services. 
These  ponqM  are  generally  borisofllal.  Whendrtventqr 
an  eleotric  motor,  redproeatlng  pomp  is  ttsoally  re- 
ferred to  as  a  power  pmnp. 
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duplex  pump  is  an  assembly  of  two  single  pumps 
placed  side  by  side  on  the  same  foundation;  the 
two  steam  cylinders  are  cast  in  a  single  block 
and  the  two  liquid  cylinders  are  cast  in  another 
block«  Duplex  reciprocating  pumps  are  seldom 
found  In  modem  combatant  ships  but  were  once 
commonly  used  in  the  Navy. 

In  a  single-acting  pump,  the  liquid  is  drawn 
into  the  liquid  cylinder  on  the  first  or  suction 
stroke  and  is  forced  out  of  the  cylinder  on  the 
return  or  discbarge  stroke.  In  a  double-acting 
pump,  each  stroke  serves  both  to  draw  in  liquid 
and  to  discharge  liquid.  As  one  end  of  the  cyl- 
inder is  filled,  the  other  end  is  emptied;  on  the 
return  stroke,  the  end  which  was  just  emptied  is 
filled  and  the  end  which  was  JustfiUsd  is  emptied. 
The  pump  shown  in  figure  15- 7  is  double-acting, 
as  are  most  of  the  reciprocating  pumps  used  in 
the  Navy. 

The  pump  shown  in  figure  15-7isdesignedto 
operate  with  a  discharge  pressure  which  is 
higher  than  the  pressure  of  the  steam  operating 
the  piston  in  the  steam  cylinder.  In  other  words, 
this  is  a  high  pressure  pump.  Ihahigh  pressure 
pump,  the  steam pistonislargerindiameterthan 
Uie  lounger  in  the  liquid  cylinder.  Since  the  area 
of  the  steam  piston  is  greater  than  the  area  of  the 
plunger  in  the  liquid  cylinder,  the  total  force  ex- 
erted by  the  steam  against  the  steam  piston  is 
concentrated  on  the  smaller  working  area  of  the 
plunger  In  the  liquid  cylinder;  hencethe  pressure 
per  square  Inch  is  greater  In  the  liquid  cylinder 
than  in  the  steam  cylinder.  Aliigh  pressure  pump 
discharges  a  comparatively  small  volume  of 
liquid  against  a  high  pressure.  A  low  pressure 
pump,  on  ttie  otherhand,  has  a  comparatively  low 
discharge  pressure  but  a  larger  volume  of  dis- 
charge. In  a  low  pressure  pump  the  steam  piston 
is  smaller  than  the  plunger  in  the  liquid  cylinder. 

The  standard  way  of  designating  ttie  size  of 
a  reciprocating  pump  is  by  giving  ttiree  dimen- 
sions, in  the  following  order:  (1)  the  diameter  of 
the  steam  piston,  (2)  the  diameter  of  the  pump 
plunger,  and  (3)  ttie  length  of  the  stroke.  Fbr  ex- 
ample, a  I2f*xir*x  19*  reciprocating  pump  has 
a  steam  piston  which  is  12  inches  In  diameter,  a 
pump  plunger  which  is  11  Inches  in  diameter,  and 
a  stroke  of  18  inches.  Thus  the  size  designation 
indicates  immediately  vAettier  the  pump  is  a  high 
pressure  pmnp  or  a  low  pressure  pump. 

Finally,  the  pump  ebown  in  figure  15-7 
is  classified  as  vertical  because  flie  steam  piston 
and  the  pump  plunger  move  up  and  down.  Most 
reciprocating  pomps  in  naval  use  are  vertical; 
a  few,  however,  are  horiaontal.  wltti  ttie  piston 


moving  back  and  forth  rather  than  up  and 
down. 

The  remainder  of  the  discussion  of  recipro- 
cating pumps  is  concerned  primarily  with  direct- 
acting,  simplex,  double-acting,  vertical  pumps, 
since  most  reciprocating  pumpsused  in  the  Navy 
are  of  this  type. 

The  power  end  of  a  reciprocating  pump  con- 
sists of  a  borea  cylinder  in  which  the  steam  pis- 
ton reciprocates.  The  steam  cylinder  is  fitted 
with  heads  at  each  end;  one  head  has  an  opening 
to  accommodate  the  piston  rod.  Steam  Inlet  and 
exhaust  ports  connect  each  end  of  the  steam  cyl-  | 
inder  with  the  steam  chest.  Drain  valves  are  in- 
stalled in  the  steam  cylinder  so  that  water  result- 
ing from  condensation  may  be  drained  off. 

Some  reciprocating  pumps  have  cushioning 
valves  at  each  end  of  the  steam  cylinder.  These 
valves  can  be  adjusted  to  trap  a  certain  amount 
of  steam  at  the  end  of  the  cylinder;  thus,  when 
the  piston  reaches  the  end  of  its  stroke,  it  is 
cushioned  by  the  steam  and  prevented  from  hit- 
ting the  end  of  the  cylinder.  When  the  pump  is 
operating  at  high  speed,  the  cushioning  valves 
are  kept  almost  closed  so  that  a  considerable 
amount  of  steam  will  be  trapped  at  each  end  of 
the  cylinder;  at  low  speed,  the  cushioning  valves  \ 
are  kept  almost  open.  Some  reciprocating  pumps  \ 
do  not  have  cushioning  valves.  ^ 

Automatic  timing  of  ttie  admission  and  re- 
lease of  steam  to  and  from  each  end  of  the  steam 
cylinder  is  accomplished  by  various  tjrpes  of 
valve  arrangements.  Figure  15-8  shows  the  pis- 
ton-type valve  gear  commonly  used  for  this  pur* 
pose;  it  consists  of  a  main  piston-t3rpeslide^ve 
and  a  pilot  slide  valve.  Since  the  rod  from  the 
pilot  valve  is  connected  to  the  pump  rod  by  a 
vr^lve-operatlng  assembly,  the  position  of  the  i 
pilot  valve  is  controlled  by  the  position  of  the  pis- 
ton in  the  steam  cylinder.  The  pilot  valve  fur- 
nishes actuating  steam  to  the  main  piston-type 
•  valve,  which,  in  turn,  admits  steam  to  the  top  or 
to  the  bottom  of  the  steam  cylinder  at  the  proper 
time. 

The  valve-operating  assembly  which  con- 
nects the  pilot  valve  operating  rod  and  the  pump 
rod  is  shown  in  figure  15-9.  As  the  crosshead 
arm  (sometimes  called  the  rocker  arm)  is  moved 
up  and  down  by  ttie  movement  of  ttie  pump  rod,  the 
moving  tappet  slides  up  and  down  on  ihe  pilot 
valve  operating  rod.  The  tappet  collars  are  ad- 
Justed  so  that  ttie  pump  will  make  the  full  de- 
signed stroke. 

The  liquid  end  of  a  reciprocating  pump  has  a  ' 
piston  and  cylinder  assembly  similar  to  thatof  i 
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Figure  15-8. —Piston-type  valve  gear  for  steam  end  of  reciprocating  pump. 
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the  power  or  steam  end.  The  piston  in  the  liquid 
end  is  often  called  a  plunger.  A  valve  chest. 
sometimes  called  a  water  chest,  is  attached  to 
the  liiipiid  cylinder.  The  valve  chest  contains  two 
sets  of  suction  and  disduurge  valves,  one  set  to 
serve  the  i^per  endoftheliquidcylinderand  one 
to  serve  the  lower  end.  The  valves  are  so  ar- 
ranged that  the  pump  tak^s  suction  from  the  suc- 
tion chamber  and  dischlDrges  throu^  the  dis- 
charge chamber  on  both  the  up  and  down  strokes. 

An  adjustable  relief  valve  is  fltted  to  the  dis- 
charge chamber  to  protect  the  punq>  and  the  pip- 
ing against  excessive  pressure. 

Some  reciprocating  pumps  have  an  air  cham- 
ber and  a  snifter  valve  bistalled  in  the  liquid  end. 
The  upper  part  of  the  air  chamber  ccmtains  air; 


the  lower  part  contahns  liquid.  On  each  stroke,  the 
air  in  the  chamber  is  conq>ressed  by  the  pressure 
exerted  by  the  plunger.  When  the  idunger  stops 
at  the  end  of  a  strike,  the  air  in  the  chamber  ex- 
pands and  allows  agradual,  rather  than  a  sudden, 
drop  in  the  discharge  pressure.  The  air  chamber, 
therefore,  smooths  out  the  discharge  flow,  ab- 
sorbs shock,  and  prevents  pounding.  The  snifter 
valve,  if  bistalled,  allows  a  small  quantity  of  ai? 
to  be  drawn  in  and  compressed  with  each  strcdce. 
U  no  snifter  valve  is  installed,  some  provision 
may  be  made  for  charging  the  air  chamber  with 
conqpressed  air. 

Although  reciprocating  punqps  were  once 
widely  used  aboard  ship  for  a  variety  of  services, 
their  use  on  combatant  ships  is  now  generally 
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Figure  IS-O.—Valve-operating  gear  of  recipro- 
cating pmxp. 

restricted  to  emergency  feed  pumpSi  fire  and 
bUge  pumps,  and  fUel  oU  tank  stripping  and  bUge 
pumps.  On  auxiliary  ships,  reciprocating  pumps 
are  still  used  for  a  number  of  services,  includ- 
ing auxiliary  feed,  standby  fuel  oil  service,  fuel 
oil  transfer,  auxiliary  circulating  and  conden- 
sate, fire  andbilge,  ballast,  and  lube  oil  transfer. 

VARIABLE  STROKE  PUMPS.-  Variable 
stroke  (also  called  variable  displacement)  pumps 
are  most  commonly  used  on  naval  ships  as  part 
of  an  electrdhydraullc  transmission  for  anchor 
windlasses,  cranes,  winches,  steerfiog  gear,  and 
other  equipment,  bi  these  qppllcatloas,  the  var- 
iable stroke  punq)  is  sometimes  referred  to  as 
the  A  end  and  the  hydraulic  motor  which  is 
driven  by  the  Aend  is  then  called  the  B  end.  Var- 
iable stroke  pumps  are  also  used  on  some  ships 
as  in-port  or  cruising  fuel  oil  service  pumps. 

Although  variable  stroke  punqps  are  often 
class  If ed  as  rotary  pumps,  they  are  actually 
reciprocating  pumps  of  a  special  design.  A  rotary 
motion  is  Imimrted  to  a  cylinder  barrel  or  cyl- 
inder block  Ita  the  pomp  by  means  of  a  eonstant- 
BpMi  electric  motor;  but  the  actual  punqptng  is 
done  by  a  set  of  pistons  reciprocating  inside  cyl- 


indrical openings  in  the  cylinder  barrel  or  cy- 
linder block. 

There  are  two  general  types  of  variable 
altrcke  pumps  in  common  use.  In  the  axial-piston 
type,  the  pistons  are  arranged  parallel  to  each 
other  and  to  the  pump  shaft.  In  the  radial-piston 
type,  the  pistons  are  arranged  radially  from  the 
shaft. 

Figure  15-10  shows  an  eiqploded  view  of  both 
the  pump  end  (A.  end)  and  the  hydraulic  motor 
(B  end)  of  an  axial-piston  type  of  variable  stroke 
unit.  The  pump  usually  lias  either  seven  or 
nine^  sln^e-actlng  pistons  which  are  evenly 
spaced  around  the  cylinder  barrel^  in  the  manner 
shown  in  figure  15-10. 

The  piston  rods  (sometimes  called  connecting 
rods)  make  a  ball-and-socket  connection  with  a 
piece  called  the  socket  ring.  The  socket  ring 
rides  on  a  thrust  bearing  carried  by  a  casting 
called  the  tUtlng  box  or  tUting  block;  thus  the 
socket  ring,  which  reyolves.  Is  actually  fitted 
Into  the  tilting  ben,  which  does  not  revolve.  Fig- 
ure 15-11  shows  dlagrammatically  the  arrange- 
ment of  the  cylinder  barrel,  the  socket  ring,  and 
the  tilting  box.  Althou^  only  one  piston  is  shown 
hi  this  illustration,  the  others  fit  simUarly  into 
the  cylinder  barrel  and  into  the  socket  ring. 

Figure  15-12  illustrates  dlagrammatically 
the  manner  in  which  the  position  of  the  tilting  box 
affects  the  position  of  the  pistons.  (Notethatthis 
is  not  a  continuous  cross-sectional  view,  since 
for  illustrative  purposes  two  pistons  are  shown.) 
In  order  to  understand  how  the  punq>tng  action 
takes  idace,  let  us  follow  one  piston  as  the  cyl- 
inder barx<el  and  socket  ring  make  one  conqflete 
revolution.  When  the  tilting  box  is  set  perpendic- 
ular to  the  shaft,  as  inpart  Aof  figure  15-12,  the 
piston  does  not  move  back  and  forth  within  its 
cylindrical  qpenlng  as  ttie  cylinder  barrel  and 
socket  ring  revolve.  Thus  the  piston  is  in  the 
same  position  with  respect  to  Its  own  cylindrical 
opening  urtien  It  is  at  the  top  position  as  It  is  when 
the  cylinder  barrel  has  conq>leted  half  a  revolu- 
tion and  carried  the  piston  to  the  bottom  position. 
Since  the  piston  does  not  reciprocate,  there  is  no 
pumping  action  VfbBn  the  tilting  box  is  in  this 
position  even  thou^  the  cylinder  barrel  and 
socket  ring  are  revolving. 


2  An  uneven  mnnber  of  pistons  is  always  used  in  order 
to  avoid  pulsations  in  the  disdiarga  flow. 

3  Note  that  the  term  cylinder  barrel  actnaMy  refers  to 
a  cylinder  blook  which  has  pylindrloal  qpeningaforall 
of  ttie  pistons. 
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Figure  IS-lO.^Esqploded  view  of  axial-piston  variable  stroke  pump. 
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In  part  B  of  figure  15-12,  the  tUting  box  is 
set  at  an  angle  so  that  it  is  farther  away  from  the 
top  of  the  cylinder  barrel  and  closer  to  the  bottom 
of  the  cylinder  barrel.  As  the  cylfjider  barrel  and 
socket  ring  revolve,  the  piston  Is  pulled  outward 
as  it  is  carried  from  the  bottom  position  to  the 
top  position,  and  is  pushed  inward  as  it  is  carried 
from  the  top  position  to  the  bottom  position.  Thus 
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Figure  15-ll.^Diagram  showing  cylinder  bar- 
rel, socket  ring,  and  tilting  box  In  axial-piston 
variable  stroke  pump. 


the  piston  makes  one  suction  stroke  (from  the 
bottom  position  to  the  top  position)  and  one  dis- 
charge stroke  (from  the  top  position  to  the  bot- 
tom position)  for  each  complete  revdlutionotthe 
cylinder  barrel. 

Tn  part  C  of  figure  15-12,  we  see  the  tilting 
box  set  at  a  somewhat  larger  angle.  Because 
there  is  more  distance  between  the  cylinder 
barrel  and  the  socket  ring  at  the  top,  and  less 
distance  between  them  at  the  bottom,  the  piston 
now  moves  ftirther  on  each  strdce  and  thus 
displaces  more  liquid  on  the  discharge  str6ke. 

Although  we  have  considered  the  position  of 
only  one  piston,  it  is  obvious  that  the  others  are 
being  similarly  positioned  as  the  cylinder  barrel 
and  socket  ring  revolve.  At  any  given  moment, 
therefore,  some  pistons  are  making  suction 
strokes  and  others  are  making  discharge 
strokes.  In  a  nine-piston  pump,  for  example,  four 
pistons  will  be  making  suction  strikes,  four  will 
be  making  discharge  strokes,  and  one  will  be  at 
the  end  of  its  stroke  and  will  therefore  be  mo- 
mentarily motionless. 

Each  cylindrical  opening  in  the  cylinder  bar* 
rel  has  a  port  in  the  face  of  the  cylinder  barrel. 
As  we  have  se^  each  port  except  one  will  be 
either  a  suction  port  or  a  discharge  port,  depend- 
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Figure  15- 12. -Diagram  Bhowlng  how  tlltixig  box  position  affects  position  of  pistons. 


ing  upon  the  position  of  the  piston  in  the  cylin- 
drical opening.  The  &ce  of  the  cylinder  barrel 
bears  against  the  valve  plate,  anonrotatlngplece 
which  has  two  semicircular  ports,  one  for  suc- 
tion and  one  for  discharge.  When  a  piston  is  at 
the  top  position,  at  the  end  of  its  suction  stroke, 
the  port  for  that  piston  is  over  the  top  land^  on 
the  valve  plate;  when  a  piston  is  at  the  bottom 
position,  at  the  end  of  the  discharge  stroke,  the 
port  is  over  the  bottom  land  on  the  valve  plate. 
Figure  15-13  shows  the  ports  in  the  f^ce  of  the 
cylinder  barrel  and  the  ports  in  the  valve  plate. 

When  the  A  end  is  used  alone  as  a  constant- 
speed,  variable-capacity  pump,  the  tilting  box 
is  often  so  designed  that  it  car  be  tilted  In  one 
direction  only,  hi  this  case,  the  flow  of  the 
pumped  liquid  is  always  in  the  same  dlrectton. 
When  the  A  end  1^  used  as  part  of  an  electro- 
hydraulic  system,  however,  the  tUting  box  is 
most  commonly  designed  to  be  tilted  in  either  di- 
rection; and  in  this  case  the  flow  of  the  pumped 
liquid  may  be  in  either  direction.  Therefore,  it 
should  be  clear  that  the  position  of  the  tilting  box 
controls  both  the  directlonof  flow  and  the  amount 
of  flow. 

Figure  15-14  shows  a  cutaway  view  of  an 
axial-piston  variable  stroke  pump.  Note  that  this 
particular  pump  is  designed  for  reversible  flow, 
since  the  tiltbig  box  canbe  tilted  In  either  direc- 
tion. 

The  radial-piston  variable  stroke  pump  is 
similar  in  general  princ4>le  to  the  axial-piston 
poxap  Just  described,  but  the  arrangement  of 
component  parts  is  somewhat  different.  In  the 
radial-piston  pump,  the  cylinders  are  arranged 
radially  in  a  cylinder  body  that  rotates  around 
a  nonrotating  central  cylindrical  valve.  Each  cyl- 
inder communicates  with  horizontal  ports  in  the 
central  cylindrical  valve.  Plungers  or  pistons 


The  term  Urnd  refers  to  the  space  between  ports. 
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Figure  lS-13.^Suction  and  discharge  ports  in 
fttce  of  cylinder  barrel  and  In  valve  iflate. 


vMch  extend  outward  from  each  cylinder  are 
^  pinned  at  their  outer  ends  to  slippers  which  Slide 
around  the  inside  of  a  rotating  floating  ring  or 
housing. 
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Figure  15-14.— Cutaway  view  of  axial-piston 
variable  stroke  pump. 

i 

The  floating  ring  is  so  constructed  that  it  can 
be  shifted  offc  enter  from  the  pump  shaft.  When 
it  is  centered,  or  in  the  neutralpositira,  the  pis- 
tons do  not  rec^rocate  and  the  pump  does  not 
function,  even  though  the  electric  motor  is  still 
causing  the  pump  to  rotate.  If  the  floating  ring 
is  forced  offcenter  to  one  side,  the  pistons  re- 
ciprocate and  the  pump  operates.  If  the  floating 
ring  is  forced  offcenter  to  the  other  side  of  the 
pump  shaft,  the  pump  also  operates  but  the  di- 
rection of  flow  is  reversed.  Thus  both  the  di- 
rection of  flow  and  the  amount  of  flow  are 
determined  by  the  position  of  the  cylinder  body 
relative  to  the  position  of  the  floating  ring. 

ROTARY  PUMPS.-Rotary  pumps,  like  re- 
ciprocating pimips,  are  positive-displacement 
pumps.  The  theoretical  displacement  of  a  rotary 
pump  is  the  volume  of  liquid  displaced  by  the 
rotating  elements  on  each  revolution  of  the  shaft. 
The  capacity  of  a  rotary  pump  is  defined  as  the 
quantity  of  liquid  (in  gpm)  actually  delivered 
under  specified  conditions.  Thus  the  capacity  is 
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equal  to  the  displacement  times  the  speed  (rpm), 
minus  whatever  losses  may  be  caused  by  slip- 
page, suction  lift,  viscosity  ofthe  pumped  liquid, 
amount  of  entrained  or  dissolved  gases  in  the 
liquid,  and  so  forth. 

All  rotary  pumps  work  by  means  of  rotating 
parts  which  trap  the  liquid  atthe  suction  side  and 
force  it  through  the  discharge  outlet.  Gears, 
screws,  lc)bes,  vanes,  and  cam-and-plunger  ar- 
rangements are  commonly  used  as  the  rotating 
elements  in  rotary  pumps. 

Rotary  pumps  are  particularly  useful  for 
pumping  oil  and  other  heavy,  viscous  liquids. 
This  type  of  pimip  is  used  for  fuel  oil  service, 
Aiel  oil  transfer,  lubricating  oil  service,  and 
other  similar  services.  Rotary  pumps  are  also 
used  for  pumping  nonviscous  liquids  such  as 
water  or  gasoline,  particularly  where  the  pump- 
ing problem  involves  a  high  suction  lift. 

The  power  end  of  a  rotary  pump  is  usually  z>\ 
electric  motor  or  an  auxiliary  steam  turbine; 
however,  some  lubricating  oil  pumps  that  supply 
oil  to  the  propulsion  turbine  bearings  and  to  the 
reduction  gears  are  attached  to  and  driven  by 
either  the  prcq[)ulsion  shaft  or  the  quill  shaft  of 
the  reduction  gear. 

Rotary  pumps  are  designed  with  very  small 
clearances  between  rotating  parts  and  between 
rotating  parts  and  stationary  parts.  The  small 
clearances  are  necesarry  in  order  to  minimize 
slippage  from  the  discharge  side  back  to  the  suc- 
tion side.  Rotary  pumps  are  designed  to  operate 
at  relatively  slow  speeds  in  order  to  maintain 
these  clearances;  operation  at  higher  speeds 
would  cause  erosion  and  excessive  wear,  which 
in  turn  would  result  in  increased  clearances. 

Classification  of  rotary  pumps  is  generally 
made  on  the  basis  ofthe  type  of  rotating  element. 
In  the  following  paragraphs  the  main  features  of 
some  common  types  of  rotary  pumps  are  discus- 
sed. 

The  simple  gear  pump  (fig.  15-15)  has  two 
spur  gears  which  mesh  together  and  revolve  in 
Opposite  directions.  One  gear  is  the  driving  gear, 
the  other  is  the  driven  gear.  Clearancesbetween 
the  gear  teeth  and  the  casing  and  between  the 
gear  faces  and  the  casing  are  only  a  few  thou- 
sandths of  an  inch.  The  action  of  the  unmeshing 
gears  draws  the  liquid  into  the  suction  side  of 
the  punqp.  The  liquid  is  them  trapped  in  the 
pockets  formed  by  the  gear  teeth  and  the  casing, 
so  that  it  must  follow  along  with  the  teeth.  Qn  the 
discharge  side,  the  liquid  is  forced  out  by  the 
meshing  of  Ike  gears.  Simple  gear  pumps  of  this 
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Figure  15-15.— Simple  gear  pump. 
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type  are  frequently  used  as  lubricating  pumps 
on  pumps  and  other  auxiliary  machinery. 

The  herringbone  gear  pump  (fig.  15-16)  is  a 
modification  of  the  simplegearpump. In  the  her- 
ringbone gear  pump,  one  discharge  phase  begins 
before  the  previous  discharge  phase  is  entirely 
complete;  this  overlapping  tends  togive  a  stead- 
ier discharge  than  that  obtained  with  a  simple 
gear  pump.  Herringbone  gear  pumps  are  some- 
times used  for  low  pressure  fuel  oil  service,  lu- 
bricating oil  service,  and  diesel  oil  service. 

The  helical  gear  pump  (fig .  1 5- 1 7)  is  still  an- 
other modification  of  the  simple  gear  pump. 
Because  of  the  helical  gear  design,  the  overlap- 
ping of  successive  discharges  from  spaces  be- 
tween the  teeth  is  even  greater  than  it  is  in  the 
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Figure  15-16.— Herringbone  gear  pump, 
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Figure  15-17.— Helical  gear  pump. 


herringbone  gear  pump;  and  the  discharge  flow 
iBf  accordingly,  even  smoother.  Since  the  dis- 
clutrge  flow  is  smooth  in  the  helical  gear  pump, 
the  gears  can  be  designed  with  a  small  nimtiber 
of  teeth,  thus  allowing  increased  capacity  without 
sacrificing  smoothness  of  flow. 

The  pumping  gears  In  this  type  of  pump  are 
driven  by  set  of  timing  and  driving  gears,  which 
also  function  ^  to  maintain  the  required  close 
clearances  while  preventing  actual  metal-to«- 
metal  contact  between  the  pumping  gears.  As  a 
matter  of  fiict,  metallic  contact  between  the  teeth 
of  the  pumping  gpars  wouldprovide  a  titter  seal 
against:  alippzge;  but  it  would  cause  rapid  wear 
ct  the  teeth  because  foreign  matter  in  the  pumped 
liquid  would  be  present  on  the  contact  surfaces. 


Roller  bearings  at  both  endsof  the  gear  shafts 
maintain  proper  alignment  and  thus  minimize 
friction  losses ,  in  the  transmission  of  power. 
Stuffing  boxes  are  used  to  prevent  leakage  at  the 
shafts. 

The  helical  gear  pump  is  used  to  pump  non- 
viscous  liquids  and  light  oils  at  high  speeds  and 
to  pump  viscous  liquids  at  lower  speeds. 

Figures  15-18  and  15-19  Illustrate  twotypes 
of  lobe  pumps.  Although  these  punqps  look  some- 
what like  gear  pimtips,  they  are  not  true  gear 
punqps  because  the  rotary  elements  are  not  capa- 
ble of  driving  each  other.  One  rotor  is  powered 
by  the  drive  shaft;  the  other  is  driven  by  a  set  of 
tbning  gears.  The  lobes  are  considerably  larger 
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Figure  15-18.— Lobe  pump  (he liquad  type). 

than  gear  teeth;  as  a  rule,  there  are  only  tvro  or 
three  lobes  on  each  rotor. 

There  are  several  different  types  of  screw 
pumps.  The  main  points  of  difference  between  the 
various  types  are  the  number  of  intermeshing 
screws  and  the  pitch  of  the  screws.  A  double - 
screw  low  pitch  pump  is  shown  in  figure  15-20, 
and  a  triple- screw  high-pitch  pump  in  figure 
15-21.  Both  of  these  pumps  are  widely  used 
aboard  ship  to  pump  fuel  oil  and  lubricating  oil. 
In  the  double- screw  pump,  one  rotor  is  driven  by 
the  drive  shaft  and  the  other  by  a  set  of  timing 
gears.  In  the  triple-screwpump,  a  central  power 
rotor  meshes  with  two  idler  rotors. 

The  rotating  element  in  a  rotating  plunger 
pupip  (fig.  15-22)  is  a  plunger  which  is  set  off- 
center  on  a  drive  shaft  that  is  rotated  by  the 
source  of  power.  The  plunger  is  driven  up  and 
down  and  arotmd  the  chamber  by  the  rotation  of 
the  shaft,  in  such  a  way  as  to  make  a  sliding  seal 
with  the  walls  of  the  chamber.  In  moving, 
the  plunger  alternately  qpens  and  closes  a  pas- 
sage to  the  discharge. 

BiBCause  of  its  valveless  construction,  the  ro- 
tating plunger  pump  is  suitable  for  pumping  oil 
that  may  contain  sand  or  other  sediment  and  for 
pumping  high  viscosity  liquids.  The  pump  can 
produce  a  very  high  suction  lift. 

A  moving  vane  pump  (fig.  15-23)  consists  of 
a  cylindrically  bored  housing  with  a  suction  inlet 
on  one  side  and  a  discbarge  outlet  on  the  other 


side;  a  cylindrically  shaped  rotor  of  smaller 
diameter  than  the  cylinder  is  driven  about  an  axis 
placed  above  the  centerllne  of  the  cylinder  in  such 
a  way  that  the  clearance  between  the  rotor  and  the 
cylinder  is  small  at  the  top  and  at  a  maximum 
value  at  the  bottom. 

The  rotor  carries  vanes  which  move  in  and  out 
as  the  rotor  rotates,  thus  maintaining  sealed 
spaces  between  the  rotor  and  the  cylinder  wall. 
The  vanes  trap  liquid  on  the  suction  side  and 
carry  it  to  the  discharge  side;  contraction  of  the 
space  expels  the  liquid  into  the  discharge  line. 
The  vanes  may  swing  on  pivots,  as  shown  in  the 
illustration,  or  they  may  slide  in  slots  in  the 
rotor. 

The  moving  vane  type  of  pump  is  used  for  lu- 
bricating oil  service  and  transferand,  in  general, 
for  handling  light  liquids  of  medium  viscosity. 

An  internal  gear  pump  is  shown  in  figure  15- 
24.  In  the  gear  pumps  previously  described,  the 
teeth  project  radially  outward  from  the  center  of 
the  gears.  In  an  internal  gear  system,  the  teeth 
of  one  gear  project  outward  but  the  teeth  of  the 
other  project  inward  toward  the  center.  In  an  in- 
ternal gear  pump,  one  gear  stands  inside  the 
other. 

A  gear  directly  attached  to  the  drive  shaft  of 
the  pump  is  set  offcenter  in  a  circular  chamber 
fitted  around  its  circumference  with  the  spurs 
of  an  internal  gear..  The  two  gears  mesh  on  one 
side  of  the  pump  chamber,  between  the  suction 
and  the  discharge.  On  the  opposite  side  of  the 
chamber  a  crescent- shaped  form  stands  in  the 
space  between  the  two  gears  in  such  a  way  that 
a  close  clearance  exists  between  each  gear  and 
the  crescent. 

The  rotation  of  the  central  gear  by  the  shaft 
causes  the  outside  gear  to  rotcte,  since  the  two 
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Figure  15- 19. —Two-lobe  pump. 
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Figure  15-20.-Double.screw  low-pitch  pj^^ 
are  In  mesh.  Everything  in  the  chamber  rotates 
except  the  crescent,  causing  liquid  tole  twppIS 
t^ a™  J  « TP^^  "  theypzBB  the  crescen?  tE 
tr^ed  liquid  is  carried  from  the  suction  totte 

Hq^dShi^su^tT^S*  d?^^^^^^^^ 

r%%n*;?edTs"h£in^f*«""^^^^^^^^^^ 

de^eS.      ^  °'  the  crescent 

revolving  impeller.  The  li^ W  is 'ptSLS  taffl 
T^I  ?      *™P«"«r  and  is  Sscha^gS 

tLVn  °'        impeller.  By  the  ttae 

the  liquid  reaches  the  outer  rim  of  the  impeuVr 

«h/!  ""^'^^  *  considerable  velocity  xSe  li- 
quid is  then  slowed  down  by  being  led  throueh  a 
volute  or  through  a  series  rtdiffustogSSs 
As  toe  velocity  of  the  liquid  deer  easeMts^es-" 
sure  Increases-or,  In  other  words.  SiJmeSthe 
mechanical  kinetic  energy  of  the  llauwTs  tran« 

f  nj"only  used  In  dlscS^iM  ctf 
converted  to  presaurft  hjiS:  ^  


Figure  15.21.-Triple-screw  high-pitch  p^f. 

Centrifugal  pumps  are  not  positive-displace- 
ment pumps.  When  a  centrifugal  pump  is  Se  wu 

discharged  (capacity)  varies  with  ttie  dischaiae 

*°  the  relationships  toherSt 
in  the  particular  pump  design.  The  reiationsZ 

a^e^aUv  (pressure). andpow?r 

?st!cs^;??eT  '"'""^  Of  acharacter- 

varS?^**^^  ""^  discharge  pressure  can  be 
varied  by  changing  the  pump  speed.  However 

their  rated  capacity  and  discharge  pressure 

rizesTfSJ"''^'-  '"P'"^'  aiglesand^S 
sizes  of  the  pump  waterways  can  be  deslened 
for  maximum  efficiency  at  olrdy  onecSmblnauS 
rLr,'**  '^^^^  pressire;  under  ouS 
conditions  of  operation,  the  Impellw  vane  anSes 
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Figure  15-22  .^Rotating  plungerpump. 
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and  the  sizes  of  the  waterways  will  be  too  large 
or  too  small  for  efficient  operation.  Therefore,  a 
centrifugal  pump  cannot  operate  satisfactorily 
over  long  periods  of  time  at  excess  capacity  and 
low  discharge  pressure  or  at  reduced  capacity 
and  high  discharge  pressure. 

It  should  be  noted  that  centrifugal  pimipsare 
not  self-priming.  The  casing  must  be  flooded 
before  a  pump  of  this  type  will  function.  For  this 
reason,  most  centrifugal  piunps  are  located 
below  the  level  from  which  suction  is  to  be  taken. 
Priming  can  also  be  effected  by  using  another 
pump  to  supply  liquid tothe  pump  8uction--as,  for 
example,  the  feed  booster  pump  supplies  sucticxi 
pressure  for  the  main  feed  pump.  Some  centrif- 
ugal pumps  have  special  priming  piunps,  air 
ejectors,  or  other  devices  for  priming. 


Where  two  or  more  centrifugal pumpsare  in- 
stalled to  operate  in  parallel,  it  is  particularly 
important  to  avoid  operating  the  pumps  at  very 
low  capacity,  since  it  is  possible  that  a  unit  hav- 
ing a  slightly  lower  dischargepressuremightbe 
pushed  off  the  line  and  thus  forced  into  a  shutoff 
position. 

Because  of  the  danger  of  overheating,  cen- 
trifugal pumps  can  operate  at  zero  capacity  for 
only  short  periods  of  time.  The  length  of  time 
varies.  Fdr  example,  a  fire  pump  might  be  able 
to  operate  for  as  long  as  15  to  30  minutes  before 
losing  suction,  but  a  main  feed  pump  would  over- 
heat in  a  matter  of  a  few  secmds  if  qperated  at 
zero  capacity. 

Most  centrifugal  pumps— and  particularly 
boiler  feedpumps,  fire  piunps,  and  others  which 
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Figure  l5-23.-Moving  vane  pump. 

may  be  required  to  operate  at  low  capacity  or  in 
shut  off  condition  for  any  length  of  time— are  fitted 
with  recirculation  lines  from  the  discharge  side 
of  the  pump  back  to  the  source  of  suction  supply. 
The  main  feed  pump,  for  example,  has  a  recircu- 
lating line  going  back  to  the  deaerating  feed  tank. 
An  orifice  allows  the  recirculation  of  the  min- 
imum amount  of  water  required toprevent over- 
heating of  the  pump.  On  boiler  feed  pumps,  the 
recirculating  lines  must  be  kept  open  whenever 
the  pumps  are  in  operation. 

On  centrifugal  pumps,  there  must  always  be 
a  slight  leakoff  through  the  packing  in  the  stuf- 
fing boxes,  in  order  to  keep  the  packing  lubri- 
cated and  cooled.  Stuffing  boxes  are  used  either 
to  prevent  the  gross  leakage  of  liquid  from  the 


DISCHARGE 


ERIC 


INTERNAL 
lEAR 


CRESCENT 


pump  or  to  prevent  the  entrance  of  air  into  the 
pump;  the  purpose  served  depends,  of  course, 
upon  whether  the  pump  is  operating  with  a  posi- 
tive suction  head  or  is  taking  suction  from  a  va- 
cuum. 

If  a  centrifugal  pump  is  operating  with  a  pos- 
itive suction  head,  the  pressure  inside  the  pump 
is  sufficient  to  force  a  small  amount  of  liquid 
through  the  packing  when  the  packing  gland  is 
properly  set  up  on.  On  multistage  pumps,  it  is 
sometimes  necessary  to  reduce  the  pressure  on 
one  or  both  of  the  stuffing  boxes«  This  is  accom- 
plished by  using  a  bleedoff  line  which  is  tapped 
in  to  the  stuffing  box  between  the  throat  bushing 
and  the  packing. 

If  a  pump  is  taking  suction  at  or  below  atmos- 
pheric pressure,  a  supply  of  sealing  water  must 
be  furnished  to  the  packing  glands  to  ensure  the 
exclusion  of  air.  Some  of  this  water  must 
be  allowed  to  leak  off  through  the  packing.  Most 
centrifugal  pumps  use  the  pumped  liquid  as  the 
lubricating,  cooling,  and  sealing  medium.  How- 
ever, an  independent  external  sealing  liquid  is 
used  on  some  pumps. 

There  are  several  different  designs  of  cen- 
trifugal pumps.  The  two  types  most  commonly 
used  abcMird  ship  are  the  volute  pump  and  the 
"volute  turbine  ptunp. 

The  volute  pump  is  shown  in  figure  15-25.  In 
this  ptunp,  the  impeller  discharges  into  a  volute— 
that  is,  a  gradually  widening  channel  in  the  pump 
casing.  As  the  liquid  passes  through  the  volute 
and  into  the  discharge  nozzle,  a  great  part  of  its 
kinetic  energy  is  converted  intopotential  energy « 

In  the  volute  turbine  pump  (fig.  15-26)  the 
liquid  leaving  the  inqpeller  is  first  slowed  down 
by  the  stationary  diffuser  vanes  which  surround 
the  impeller.  The  liquid  is  forced  through  grad- 
ually widening  passages  in  the  diffuser  ring  (not 
shown)  and  into  thevolute.  Since  both  the  diffuser 
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Figure  15-24.— Internal  gear  ptmip.  7«-y 
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Figure  l5-25.-Simple  vcAute  pump. 
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Figure  15-26.— Volute  turbine  pump. 

vanes  and  the  volute  reduce  the  velocity  of  the 
liquid,  there  is  in  this  type  of  pump  an  almost 

complete  conversion  of  kinetic  energy  to  poten- 
tial energy. 

CentriAigal  pumps  may  be  classified  in  sev- 
eral ways.  For  example,  they  may  be  either 
single-stage  or  multistage,  a  single- stage  pump 
has  only  one  impeller;  a  multistage  pump  has  two 
or  more  impellers  housed  together  in  one  casing. 
In  a  multistage  pump,  as  a  rule,  each  impeller 
acts  separately,  discharging  to  the  suction  of  the 
next-stage  impeller.  Centrifugal  pumps  a  re  also 
classified  as  horizontal  or  vertical,  depending 
upon  the  position  of  the  pump  shaft. 

The  impellers  used  in  centrifugal  pumps  may 
be  classified  as  single  suction  or  double-suc- 
tion. The  single-suctionimpellerallowsliquidto 
enter  the  eye  of  the  impeller  from  one  direction 
only;  the  double-suction  type  allows  liquid  to 
enter  the  eye  from  two  directions.  Single-suctim 
and  double- suction  arrangements  are  shown  in 
figure  15-27.  The  double-suction  arrangement 
has  the  advantage  of  balancing  end  thrust  in  one 
direction  by  end  thrust  in  the  other. 

Some  of  the  more  important  centrifugal 
pumps  used  on  naval  ships  are  the  main  feed 
pump,  the  feed  booster  pump,  the  main  and  auxil- 
iary condensate  pumps,  fire  pumps,  freshwater 
pumps,  and  gasoline  pumps. 

A  typical  main  feed  pump  is  shown  in  figure 
15-28.  This  is  a  horizontal,  highspeed,  turbine- 
driven  piunp.  Main  feed  pumps  on  most  surface 
ships  operate  at  a  discharge  pressure  that  is  100 
to  1 50  psig  above  the  maximum  steam  drum  pres- 
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Figure  15-27.  —Single-suction  and  double- 
suction  arrangements  in  centrifugal  pumps. 

sure  of  the  boiler.  On  ships  having  1200-psig 
boilers,  the  discharge  pressure  of  the  main  feed 
pumps  is  approximately  200  to  300 psig  above  the 
steam  drum  pressure.  A  main  feed  punqp  must 
qE)erate  at  varying  speeds  to  maintain  a  constant 
discharge  pressure  under  all  conditions  of  load. 
A  constant-pressure  pump  governor^  is  used  to 
regulate  the  admission  of  steam  to  thi*  tuiblne 
and  thus  control  the  discharge  pressure  of  the 
pump. 

PROPELLER  PUMPS.— Propellerpumps  are 
used  on  some  ships  for  pumping  water.  Although 
they  are  often  classified  as  centrifugal  pumps, 
this  classification  is  incorrect  because  propeller 
pumps  do  not  actually  utilize  centrifugal  force  for 
their  operation. 

A  propeller  pump  consists  essentially  of  a 
propeller  fitted  into  a  narrow,  tube-like  casing. 
The  prppeller  punqps  the  liqiUd  by  pushing  it  in 
a  direction  parallel  to  the  pump  shaft. 
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Conatant-pressure  pump  governors  aredisoussedin 
ohi4)ter  16  of  this  text. 
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Propeller  pumps  must  be  located  below  or 
only  slightly  above  the  surface  of  theliqMidto  be 
pumped,  since  they  cannot  operate  with  a  high 
suction  lift. 

MIXED-FLOW  PUMPS.-A  mixed-flow  pump 
is  one  in  which  the  pumping  action  occurs  partly 
by  centrifugal  force  and  partly  by  propeller  ac- 
tion. Pumps  of  this  type  can  be  used  to  handle 
very  viscous  liquids  or  liquids  that  contain  dirt; 
they  ^e  better  than  either  centrifugal  pumps  or 
propeller  pumps  for  these  services. 

JET  PUMPS.— Devices  which  utilize  the  rapid 
flow  of  a  fluid  to  •entrain  another  fluid  and  thereby 
move  it  from  one  place  to  another  are  called  jet 
pumps.  Jet  pumps  are  sometimes  notconsidereZT 
to  be  pumps  because  they  have  no  moving  parts. 
However,  in  view  of  our  previous  definition  of  a 


pump  as  a  device  which  utilizes  an  external 
source  of  power  to  apply  force  to  a  fluid  in  order 
to  move  the  fluid  from  one  place  to  another,  it 
will  be  apparentthatajetpump  is  indeed  a  pump. 

Jet  pumps  are  generally  considered  in  two 
classes;  ejector s«  which  use  a  jet  of  steam  to 
entrain  air,  water,  or  other  fluid;  and  eductors. 
which  use  a  flow  of  water  to  entrain  and  thereby 
pump  water.  The  basic  principles  of  operation  ctf 
these  two  devices  are  identical. 

A  simple  jetpumpof  the  ejector  type  is  shown 
in  figure  15-29.  In  this  pump,  steam  under  pres- 
sure enters  chamber  C  through  pipe  A,  which  is 
fitted  with  a  nozzle,  B.  As  the  steam  flows 
through  the  nozzle,  the  velocity  of  the  steam  is 
increased.  The  fluid  in  the  chamber  at  point 
in  front  of  the  nozzle,  is  driven  out  of  the  pump 
through  the  discharge  llne,^  bytheforceof  the 
steam  jet.  The  size  of  the  discharge  line 


411 


418 


PRINCIPLES  OF  NAVAL  ENGINEERING 


75.283 

Figure  15-29.— Jet  pump  (ejector  type). 

increases  gradually  beyond  the  chamber,  in 
order  to  decrease  the  velocity  of  the  discharge 
and  thereby  transform  some  of  the  velocity  head 
to  pressure  head.  As  the  steam  jet  forces  some 
of  the  fluid  from  the  chamber  into  the  discharge 
line,  pressure  in  the  chamber  is  lowered  and  the 
pressure  on  the  surface  of  the  supply  fluid  forces 
fluid  up  through  the  inlet,^  into  the  chamber  and 
out  through  the  discharge  line.  Thus  the  pumping 
action  is  established. 

Jet  pumps  of  the  ejector  type  are  occasionally 
used  aboard  ship  to  pump  small  quantities  of 
drains  overboard.  Their  primary  use  on  naval 
ships,  however,  is  not  in  the  pumping  of  water 
but  in  the  removal  of  air  and  other  noncon- 
densable  gases  from  main  and  auxiliary  con- 
densers.'^ 

An  eductor  is  shown  in  figure  15-30.  As  may 
be  seen^  the  principle  of  operation  is  the  same 
as  that  just  described  for  the  ejector  type  of  jet 
pump;  however,  water  is  used  instead  of  steam. 
On  naval  ships,  eductors  are  used  to  pump  water 
from  bilges,  to  dewater  compartments,  and  to 


7 

Air  ejector  assemblies  used  on  condensers  are  dis- 
cussed in  chapter  13  of  this  text. 


supply  a  positive  pressure  head  for  pumps  used 
in  firefighting. 

Pump  Maintenance 

Pumps  require  a  certain  amount  of  routine 
maintenance  and,  upon  occasion,  some  repair 
work.  Pumps  are  so  widely  used  for  various 
services  in  the  Navy  that  it  iis  necessary  to  con- 
sult the  manufactmrer's  technical  manual  for 
details  concerning  the  repair  of  a  specific  unit. 
Routine  maintenance,  however,  is  performed  in 
accordance  with  the  Planned  Maintenance  Sub- 
system (3-M  System)  requirements.  Figure  15- 
31  Illustrates  the  planned  maintenance  require- 
ments for  one  type  of  turbine -driven  main  lube 
oil  pump.  Similar  requirements  are  established 
for  all  pumps. 

Safety  Precautions 

The  following  safety  precautions  must  be  ob- 
served in  connectionwiththeqperationof  punq)s: 

1.  See  that  all  relief  valves  are  tested  at  the 
appropriate  intervals  as  required  by  the  Plan- 
ned Maintenance  Subsj  tiem.  Be  sure  that  relief 
valves  function  at  the  designated  pressure. 

2.  Never  attempt  to  jackoverapumpbyhand 
while  the  throttle  valve  to  the  turbine  is  open  or 
the  power  is  on.  Never  jack  over  a  reciprocating 
pump  when  the  throttle  valve  or  the  esdiaust 
valve  is  open. 


Figure  :  15-30.— Eductor.  47.48 
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3.  Do  not  attempt  to  operate  a  pump  while 
either  the  speed  limiting  governor  or  the  constant 
pressure  governor  is  inoperable.  Be  sure  that  the 
speed  limiting  governor  and  the  constant  pres- 
sure governor  are  properly  set. 

4.  Do  not  use  any  boiler  feed  system  pump 
for  any  service  other  than  boiler  or  feed  water 
service,  except  in  an  emergency. 

FORCED  DRAFT  BLOWERS 

On  most  steam-driven  surface  ships,  forced 
draft  l^lowers  are  used  to  furnish  the  large 
amount 'Of  combustion  air  required  for  the  burn- 
ing of  the  fuel  oil.  A  forced  draft  blower  is  es- 
sentially a  very  large  fan,  fastened  to  a  shaft  and 
housed  in  a  metal  casing.  As  a  rule,  two  blowers 
are  furnishiHi  for  each  boiler;  they  are  synchro- 
nized for  eq)faal  distribution  of  load. 

Most  forced  draft  blowers  are  driven  by 
steam  turbines.  Howevery  some  bloVrers  for  in- 
port  use  and  some  main  blowers  on  auxiliary 
ships  are  driven  by  electric  motors.  Most  tur- 
bine-driven blowers  are  direct  drive,  rather  than 
geared;  but  some  geared  turbine  drives  are  used. 

On  most  ships,  the  fprced  draft  blowers  take 
suction  from  the  space  between  the  inner  and 
outer  stack  casings  and  discharge  slightly  pre- 
heated air  into  a  duct  that  leads  to  the  space  be-v 
tween  the  inner  and  outer  casings  of  the  boiler. 

Types  of  Forced 
Draft  Blowers 

Two  main  types  of  forced  draft  blowers  are 
used  in  naval  ships:  centrifugal  blowers  and  pro- 
peller blowers.  The  main  difference  between  the 
two  types  is  Inthedirectionofairflow.  The  cen- 
trifugal blower  takes  air  in  axially  at  the  center 
of  the  fan  and  discharges  it  tangentially  off  the 
outer  edge  of  the  blades.  The  propeller  blower 
moves  air  axially— that  is,  it  propels  the  air 
straight  ahead  in  a  direction  parallel  to  the  axis 
of  the  shaft.  Most  forced  draft  blowers  now  in 
naval  use  are  of  the  propeller  type.  However, 
some  older  ships  and  some  recent  auxiliaries 
have  centrifugal  blowers. 

Centrifugal  blowers  may  be  either  vertical 
or  horisBontal.  In  either  case,  the  unit  consists  of 
the  driving  turbine  (or  other  driving  unit)  atone 
end  of  the  shaft  and  the  centrifugal  fanwheel  at 
the  other  end  of  the  shaft.  Inlet  trunks  and  dlf- 
fusers  are  fitted  around  the  blower  fanwheel  to 
direct  air  into  the  fanwheel  and  to  receive  and 
discharge  air  from  the  fan.  Centrifugal  blowers 


are  fitted  with  flaps  in  the  suction  ducts.  In  the 
event  of  a  casualty  to  one  centrifugal  blower,  air 
from  another  blower  blows  back  toward  the 
damaged  blower  and  closes  the  flaps. 

Both  horizontal  and  vertical  propeller 
blowers  are  used  in  naval  combatant  ships.  In 
general,  single-stage  horizontal  blowers  are 
used  on  older  ships  and  two-stage  orthree*- stage 
vertical  blowers  on  ships  built  since  world  War 

n. 

Balanced  automatic  shutters  are  installed  in 
the  discharge  ducts  between  each  propeller 
blower  and  the  boiler  casings.  These  shutters  are 
locked  in  the  closed  position  whenever  the  blower 
is  taken  out  of  service  so  that  the  blower  will  not 
be  rotated  in  reverse. 

Figure  15-32  and  15-33  show  two  views  of  a 
single-stage  horizontal  propeller-type  blower. 
As  may  be  seen,  the  blower  is  a  complete  unit 
consisting  of  a  driving  turbine  and  a  propeller- 
type  fan.  The  entire  unit  is  mounted  on  a  single 
bed  plate. 

The  air  intake  is  screened  to  prevent  the  en- 
trance of  foreign  objects.  The  blower  casing 
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Figure  15-32.«Horizontal propeller-type  blower 
(view  1). 
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Figure  15-33.— Horizontal  propeller-type  blower 
(view  II). 

merges  into  the  discharge  duct,  and  the  discharge 
duct  is  Joined  to  the  boiler  casing.  Diffuser  vanes 
are  installed  just  in  front  of  the  blower  to  prevent 
rotation  of  the  air  stream  as  it  leaves  the  blower. 
Additional  divisions  in  the  curving  sections  of  the 
discharge  duct  also  help  to  control  the  flow  of  air. 

The  shaft  that  carried  both  the  propeller  and 
the  turbine  is  a  single  forging.  The  propeller  is 
keyed  to  the  shaft  and  held  to  the  tapered  end  of 
the  shaft  by  a  nut  and  cotter  pin.  The  entire  as- 
sembly is  supported  by  two  main  bearings^  one 
on  each  side  of  the  turbine  wheel,  outside  the  tur- 
bine casing.  The  main  bearing  at  the  governor 
end  is  located  in  thegovemorhousingi  which  also 
contains  the  thrust  bearing.  The  speed-limiting 
governor  spindle  and  the  lubricating  oil  pump 
shaft  are  driven  by  the  main  shaft  of  the  blower, 
through  a  reduction  gear. 

High  powered  two-stage  or  three-stage  ver- 
tical propeller-type  blowers  are  installed  in  re- 
cent combatant  ships.  One  kind  of  three-stage 
vertical  propeller*  type  blower  is  shown  in  fig- 
ures 15-34  and  15-35.  Figure  15-36  shows  the 
rotating  assembly  of  the  same  blower.  As  may 
be  seen,  there  are  three  propellers  at  the  fan 
end.  Each  propeller  consists  of  a  solid  forged 
disk  to  which  are  attached  a  number  of  forged 
blades.  The  blades  have  bulb- shaped  roots  that 
are  entered  in  grooves  machined  across  the  hub; 
the  blades  ^re  kept  firmly  in  place  by  locking 
devices.  Each  propeller  diskiskeyedto  the  shaft 
and  secured  by  locking  devices. 
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Figure  15-34.— External  view  of  three-stage 
vertical  propeller-type  blower. 

The  driving  turbineisavelocity-compounded 
impulse  turbine  (Curtis  stage)  with  two  rows  of 
moving  blades.  The  turbine  wheel  is  keyed  to  the 
shaft.  The  lower  face  of  the  turbine  whe^l  bears 
against  a  shoulder  on  the  shaft;  a  nut  screwed 
onto  the  shaft  presses  against  the  upper  face  of 
the  turbine  wheel. 

The  entire  rotating  assembly  is  supported  by 
two  main  bearings.  One  bearing  is  just  below  the 
propellers  and  one  is  just  above  the  thrust  bear- 
ing in  the  oil  reservoir. 

The  blower  casing  isbuilt  up  of  welded  plates. 
From  the  upper  flange  down  to  a  little  below  the 
lowest  propeller,  the  casing  is  cylindrical  in 
shape.  The  shape  of  the  casing  changes  from  cyl- 
indrical to  cone-shaped  and  then  to  square;  the 
discharge  opening  of  the  blower  casing  is  rectan- 
gular in  shape.  Guide  vanes  in  the  casing  control 
the  flow  of  air  and  also  serve  to  stiffen  the 
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Figure  15-36. —Rotating  assembly  for  three- 
stage  vertical  propeller-type  blower.  — 

casing.  The  part  of  the  casing  near  the  prq[>ellers 
Is  made  In  sections  and  Is  aiso  split  vertically 
to  allow  removal  of  the  three  propellers  when 
necessary.  The  lower  part  of  the  casing,  below 
the  air  duct,  houses  the  turbine.  The  lower  part 
of  the  turbine  casing  Is  welded  to  the  oil  reser- 
voir structure. 

Although  all  vertical  propeller  blowers  op- 
erate on  the  same  principle,  and  although  they 
may  lo<dc  very  much  the  same  from  the  outside, 
they  are  not  identical  In  all  details.  Perhaps 
the  major  differences  to  be  found  among  verti- 
cal forced  draft  blowers  ar&  in  connection  with 
the  lubrication  systems.  Some  of  these  differ- 
ences are  noted  In  the  following  section. 

Blower  Lubrication 

Because  forced  draft  blowers  must  operate 
at  very  high  speeds^  correct  lubrication  of  the 
bearings  is  absolutely  essential.  A  complete 
pressure  lubrication  system  for  supplying  oil 
to  the  bearings  Is  an  integral  part  of  every 
forced  draft  blower.  Most  forced  draft  blowers 
have  two  radial  bearings  and  one  thrust  bearing; 
however,  some  blowers  have  two  turbine  bear- 
ings, two  tan  bearings,  and  a  thrust  bearing. 

The  lubrication  system  for  a  horlzoiital 
forced  draft  blower  Includes  apump,  an  oU  filter, 
an  oil  cooler,  a  filling  connection,  relief  valves, 
oil  level  Indicators;  thermometers,  pressure 
gages,  oU  sight  flow  indicators,  and  the  neces- 
sary piping.  The  pump  Is  usually  turned  by  the 
forced  draft  blower  shaft  but  Is  geared  down  to 
about  one-fourth  the  speed  of  the  turbine.  The 
lube  oil  is  pumped  from  the  oil  reservoir,  through 
the  oil  filter  and  the  oil  cooler,  to  the  bear- 
IngSr  Oil  then  drains  back  to  the  reservoir  by 
gravity. 


Simple  gear  pumps  were  used  In  the  lube 
oil  systems  of  older  horizontal  blowers  such  as 
those  found  on  DD  445  and  DD  692  classes  of 
destroyers.  These  pumps  were  not  completely 
satisfactory  for  this  use,  since  a  simple  gear 
pump  does  not  supply  oil  to  the  bearings  when 
the  blower  is  turning  In  the  wrong  direction. 
This  Is  a  serious  disadvantage  In  forced  draft 
blower  Installations  because  of  the  possibility 
that  Idle  blowers  may  be  rotated  In  reverse 
when  automatic  shutters  fall  to  close.  To  pre- 
vent damage  to  the  bearings  from  this  cause, 
the  simple  gear  pumps  In  some  horizontal 
blowers  were  replaced  by  a  special  type  of  gear 
pump  that  continues  to  pump  oil,  without  change 
in  the  direction  of  oil  flow,  when  the  direction 
of  blower  rotation  Is  reversed.  This  alteration 
has  been  accomplished  on  many  ships  that  have 
horizontal  forced  draft  blowers. 

Some  vertical  blowers  are  fitted  with  a  gear 
pump  and  a  lubrication  system  which  Is  generally 
similar  to  that  just  described  for  horizontal 
blowers.  However,  most  vertical  blowers  have 
quite  different  lubrication  systems. 

One  type  of  lubrlcatlcm  system  used  on  some 
vertical  forced  draft  blowers  Is  shown  In  figure 
15-37.  In  this  system,  the  gear  pUmp  Is  re- 
placed by  a  centrifugal  pump  and  a  helical- 
groove  viscosity  pump.  The  centrifugal  pump 
Impeller  Is  on  the  lower  end  of  the  main  shaft, 
just  below  the  lower  main  bearing.  The  vis- 
cosity pump  (also  called  a  friction  pump)  Is  on 
the  shaft,  just  above  the  centrifugal  pump  Im- 
peller, Inside  the  lower  part  of  the  main  bear- 
ing. As  the  main  shaft  turns,  lubricating  oil 
goes  to  the  lower  bear  ing  and  from  there,  by  way 
of  the  hollow  shaft,  to  the  upper  bearing.  In 
addltlc»i,  part  of  the  oil  Is  pumped  directly  to 
the  upper  bearing  through  an  external  supply 
line.  The  oil  Is  returned  from  the  upper  bear- 
ing to  the  oil  reservoir  through  an  external 
return  line. 

In  this  system,  the  lubricating  oil  does  not 
go  through  the  oil  strainer  or  the  oil  filter  on 
Its  way  to  the  bearings.  Instead,  oil  from  the 
reservoir  Is  constantly  being  clrculatedthrough 
an  external  filter  and  an  external  cooler  an<il 
then  back  to  the  reservoir. 

The  viscosity  pump  Is  needed  In  this  system 
because  the  pumping  action  of  the  centrifugal 
pump  Inqpeller  is  dependent  upon  the  rpm  of  the 
shaft.  At  low  speeds,  the  centrifugal  pump  can- 
not develop  enough  oil  pressure  to  adequately 
lubricate  the  bearings.  At  high  speeds,  the 
centrifugal  pump  alone  would  develop  more  oU 
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Figure  lS-37.-Lubrication  system  with  hollow- 
shaft  oil  supply  and  external  oU  supply  for 
vertical  forced  draft  blower. 

pressure  than  is  needed  for  lubrication,  and  the 
excessive  pressure  would  tend  to  cause  flood- 
ing of  the  bearings  and  loss  of  oil  from  the 
lubrication  ajatem.  The  viscosity  pump,  which 
is  nothing  more  than  a  shallow  helical  thread 
or  groove  on  the  lower  part  of  the  shaft,  helps 
to  assure  sufficient  lubrication  at  low  speeds 
and  to  prevent  the  development  of  excessive  oil 
pressures  at  hig^  speeds. 

The  hcAlow-shaft  type  of  lubrication  system 
just  described  is  still  found  oh  some  vertical 
forced  draft  blowers.  The  nawest  vertical 
blowers,  however,  do  not  use  a  hollow  shaft  to 
supply  oil  to  the  iipper  bearings.  Instead,  oil  is 
pumped  to  the  bearings  through  an  external 
supply  line,  passing  through  an  oil  filter  and  an 
oU  cooler  on  the  way  to  the  bearings.  Most  of 
these  newer  vertical  blowers  have  a  gear  pump 
and  an  additional  band  pump  that  is  used  to 
establish  initial  lubrication  when  the  blower  is 
being  started.  Some  of  the  newer  vertical 
blowers  have  a  centrifugal  pump  and  a  viscosity 
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pump  of  the  type  shown  in  figure  15-36;  but  these 
blowers,  like  the  other  newer  ones,  have  a  com- 
pletely external  oU  supply  to  the  bearings  in- 
stead of  a  hcfllow-shaft  arrangement. 

One  feature  of  some  of  the  newer  vertical 
blowers  is  an  anti-rotation  device  on  the  shaft 
of  the  lubricating  pump.  This  device  prevents 
wlndmllllng  of  the  blower  In  a  reverse  direction 
In  the  event  of  leakage  through  the  automatic 
shutters.  The  antl-rotatlon  device  Is  continuous- 
ly lubricated  through  a  series  of  passageways 
which  trap  some  of  the  leakage  from  the  thrust 
bearing. 

Control  of  Blower  Speed 

Forced  draft blowersare.manuallycontrcflled 
on  all  naval  ships  except  those  that  have  auto- 
matic combustion  control  systems  for  the  boil- 
ers. I^eed-llmltlng  governors  (discussed  In 
chapter  16  of  this  text)  are  fitted  to  all  forced 
draft  blowers,  but  they  function  merely  as  safety 
devices  to  prevent  the  turbine  from  exceeding 
the  maximum  safe  operating  speed;  the  speed- 
llmltlng  governors  do  not  have  any  contrdl  over 
the  turbine  at  ordinary  operating  speeds. 

Manual  control  of  blower  speed  is  achieved 
by  a  valvo  arrangement  that  controls  the  amount 
of  steam  admitted  to  the  turbines.  In  some 
blowers  a  full  head  of  steam  Is  admitted  to  the 
steam  chest;  steam  Is  then  admitted  to  the  tur- 
bine by  means  of  a  manually  operated  lever  or 
handwheel  that  contrcfls  four  nozzle  valves.  The 
lever  or  handwheel  may  be  connected  by  link- 
age for  remote  operation.  The  four  valves  are 
so  arranged  that  they  open  In  sequence,  rather 
than  all  at  the  same  time.  The  position  of  the 
manually  qperated  lever  or  handwheel  deter- 
mines the  number  of  valves  that  will  open,  and 
thus  contrcAs  the  amount  of  steam  that  will  be 
admitted  to  the  driving  turbine.  The  steam  chest 
nozzle  valve  shafts  of  all  blowers  serving  one 
boiler  are  mechanically  coupled  so  as  to  pro- 
vide for  synchronized  operation  of  the  blowers. 
If  only  one  blower  Is  to  be  operated,  the  root 
valve  of  the  noi^eratlng  blower  must  remain 
closed  so  that  steam  will  not  be  admitted  to  the 
line. 

In  other  Installations,  a  throttle  valve  Is  used 
to  control  the  admission  of  steam  to  the  steam 
chest.  From  the  steam  chest,  the  steam  enters 
the  turbine  casing  through  fixed  nozzles  rather 
than  through  nozzle  valves.  Varying  the  cypenlng 
of  the  throttle  valve  varies  the  steam  pressure 
to  the  steam  chest  and  thus  varies  the  fitpeed  of 


418 


1^ 


Chapter  15,  -PUMPS  AND  FORCED  DRAFT  BLOWERS 


the  turbine.  The  same  throttle  valve  is  usually 
used  to  control  the  admission  of  steam  to  all 
blowers  serving  any  one  boiler.  Jt  only  one 
blower  is  to  be  operated,  the  root  valve  of  the 
nonpperatlng  blower  must  be  kept  dosed. 

When  admission  of  steam  is  controlled  by 
the  four  nozade  valve  arrangement,  no  additional 
nozzle  area  is  required  to  bring  the  blower  iqp 
to  maximum  speed.  In  the  other  type  of  instal- 
lation, a  special  handrq[>erated  nozzle  valve  is 
provided  for  high  speed  q[>eration.  This  nozade 
valve,  which  is  sometimes  called  an  overload 
nozzle  valve,  is  U8ed,;whenever  it.is  necessary 
to  increase  the  blower  speed  bejrond  that  ob- 
tainable with  the  fixed  nozzles.  As  a  rule,  the 
use  of  the  overload  nozade  valve  is  required 
only  when  steam  pressure  is  below  normal. 

Checking  Blower  Speed 

Many  forced  draft  blowers  are  fitted  with 
constant-reading,  permanently  mounted  tachom- 
eters for  checking  on  blower  speed.  Sometimes 
the  tachometer  is  mounted  on  top  of  the  governor 
and  is  driven  by  the  governor  spindle.  The  gov- 
ernor spindle  is  driven  by  the  main  shaft  through 
a  reduction  gear,  and  therefore  does  not  rotate 
1  at  the  same  speed  ad  the  main  shaft.  However, 
the  rpm  of  the  governor  spindle  is  proportional 
to  the  rpm  of  the  main  shaft.  The  tachometer 
j  is  calibrated  to  give  readings  that  indicate  the 
speed  of  the  main  shaft  rather  than  the  speed 
V  j  of  the  governor  spindle. 

Some  blowers  are  equipped  with  a  special 
kind  of  tachometer  called  apressure-jgage  tach- 
ometer. This  instrument,  which  may  be  seen 
;    in  figures  15-35  and  15-37,  is  actually  a  pres- 
sure gage  which  is  calibrated  in  both  psi  and 
rpm.  The  pressure-gage  tachometer  depends 
-  V    for  its  operation  on  the  fact  that  the  oil  pres- 
sure built  xxp  by  the  centrifugal  lube  oil  piunp 
;  has  a  definite  rdation  to  the  speed  of  the  pump 
in^eller;  and  the  speed  of  the  impeller,  of 
course,  is  determined  by  the  speed  of  the  main 
shaft.  Thus  the  instrument  can  be  calibrated 
in  both  psi  and  rpm. 

Some  forced  draft  blowers  of  recent  design 
ai*e  equipped  with  electric  tachometers  which 
have  indicating  gages  at  the  blower  and  at  the 
boiler  operating  station.  The  electric  tachom- 
eter (sometimes  called  a  tachometer  generator) 
consists  of  a  stator  and  a  permanent  magnet 
rotor  mounted  at  the  bottom  of  the  turbine  shaft. 
The  wire  from  the  generator  plugs  into  a  con- 
nector inside  the  sump.  Another  connector  Is 


ERJC 


provided  outside  the  siunp  for  attaching  the  wire 
from  the  generator  to  the  transformer  box* 

Forced  Draft  Blower  Operation 

Forced  draft  blowers  supply  the  air  required 
for  combustion  of  the  fuel  olL  The  amount  of 
air  that  enters  the  furnace  Is  determined  by  the 
air  pressure  In  the  double  casings.  Although 
the  air  pressure  Is  affected  by  the  number  of 
burners  In  use  and  by  the  amount  that  the  air 
registers  are  open.  It  Is  primarily  determined 
by  the  speed  at  which  the  forced  draft  blowers 
are  operated.  The  speed  of  the  forced  draft 
blowers  Is  controlled  by  manual  adjustment  of 
the  blower  throttle  In  all  Installations  except 
those  having  automatic  combustion  control 
systems. 

The  forced  draft  blowers  should  be  (q[>erated 
In  such  a  way  as  to  ftirnlsh  the  required  amount 
of  air  for  the  complete  combustion  of  the  fUel 
being  burned,  hi  actual  practice.  It  Is  neces- 
sary to  supply  just  over  100  percent  of  the 
amount  of  air  theoretically  required.  In  order 
to  ensure  the  complete  combustion  of  the  fUel. 
Higher  percentages  of  excess  air  are  wasteful 
of  fuel,  since  all  air  that  does  not  actually  enter 
Into  a  combustion  reaction  merely  absorbs  and 
carries  off  heat. 

On  the  other  hand,  an  insufficient  quantity  of 
air  for  combustion  Is  also  detrimental  to  boiler 
efficiency.  U  there  Is  not  enough  air  for  com- 
plete combustion,  there  may  be  a  greater  loss 
In  efficiency.  Or,  if  even  less  air  Is  supplied, 
some  of  the  carbon  will  not  be  burned  at  all 
but  will  pass  out  the  smokestadc  as  black  smoke. 
Insufficient  air  Is  also  detrimental  because  It 
causes  thG  boiler  to  pant  and  vibrate;  this  Is  one 
of  the  major  causes  of  brick  work  failure  In 
the  boilers. 

The  air  pressure  In  the  double  casing  must 
be  Increased  BEFORE  the  rate  of  combustion 
Is  Increased,  and  must  be  decreased  AFTER 
the  rate  of  combustion  Is  decreased.  There  Is 
usually  little  difficulty  In  teaching  flreroom 
personnel  to  Increase  the  air  pressure  before 
the  rate  of  combustion  Is  Increased,  since  fail- 
ure to  do  so  results  In  panting  and  vibration 
of  the  boiler  and  In  heavy  smoke.  It  is  more 
difficult,  however,  to  teach  the  men  to  decrease 
the  air  pressure  after  the  rate  of  combustion 
has  been  decreased.  Howover,  operating  the 
blower  at  a  faster  speed  than  Is  required  for 
the  rate  of  combustion  Is  definitely  a  poor 
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practice,  since  it  introduces  more  excess  air 
than  is  required  for  the  combustion  of  the  fuel. 

Forced  Draft  Blower  Maintenance 

Forced  draft  blowers  require  relatively  little 
maintenance  and  repair,  provided  they  are 
operated  and  maintained  in  strict  accordance 
with  instructions  given  in  the  manufacturer's 
technical  manual.  A  good  deal  of  the  mainte- 
nance work  required  in  connection  with  blowers 
is  related  to  j(f:eeping  the  lubrication  system  in 
proper  condition.  All  maintenance  of  blowers 
must  be  performed  in  accordance  with  the  re- 
quirements of  the  3-M  System. 

The  lubricating  oil  in  the  reservoir  must  be 
kept  clean.  The  reservoir  must  always  be 
filled  to  the  correct  level  with  oil  of  the  speci- 
fied weight  and  grade.  Oil  samples  must  be 
taken  routinely  at  the  specified  intervals,  or 
more  often  if  you  have  reason  to  suspect  that 
the  oil  is  contaminated.  When  a  sample  shows 
an  unusual  amount  of  sediment  or  water,  this 
fact  should  be  reported  to  the  engineering  of- 
ficer or  to  the  PO  in  charge,  who  may  issue 
instructions  to  change  the  oil.  After  the  oil 
has  been  drained,  the  inside  of  the  reservoir 
should  be  wiped  clean. 

The  metal-edge  type  of  filter  should  be 
cleaned  at  least  once  each  watch.  This  is  done 
by  giving  the  handle  one  or  two  complete  turns. 
From  time  to  time  the  filter  should  be  dis- 
mantled and  cleaned;  this  should  be  done  when- 
ever the  oil  is  changed  in  the  reservoir,  and 
more  often  if  necessary. 

A  common  occurrence  with  vertical  blowers 
is  contamination  of  the  oil  with  fresh  water. 
This  happens  in  an  idle  blower  when  leaking 
steam  enters  the  turbine  casing,  passes  through 
the  upper  labyrinth  seal,  and  impinges  on  the 
oil  slinger,  nrhere  it  condenses  and  mixes  with 
the  oil.  This  problem  can  be  avoided  by  keeping 
the  steam" valves  (especially  the  exhaust-relief 
valve)  in  good  repair.  Tt  the  valves  leak,  the 
turbine  casing  drain  of  an  idle  blower  must  be 
kept  open. 

Automatic  shutters  are  not  subject  to  any 
great  amount  of  wear  under  normal  operating 
conditions.  However,  they  must  be  kept  well 
lubricated  at  all  times.  Some  types  of  shutters 
have  Zerk-type  grease  fittings;  others  have  oil 
holes.  Be  sure  to  use  the  correct  lubricant*. 
U  the  automatic  shutters  are  not  properly  lu- 
bricated, they  may  stick  in  the  open  position 
and  then  slam  shut  with  sufficient  force  to  cause 


damage  to  the  shutters  and  to  the  toggle  gear. 
Br<^en  or  sprung  parts  must  be  replaced  in 
order  to  ensure  smooth  qperation  of  the  shut- 
ters. Shutters  should  be  inspected  frequently 
to  determine  whether  the  leaves  operate  freely 
and  to  be  sure  that  they  seal  tightly  when  closed. 

Forced  draft  blowers  should  not  be  operated 
if  they  are  vibrating  excessively  or  making  any 
unusual  noise.  Vibration  may  be  caused  by  worn 
or  loose  bearings,  a  bent  shaft,  loose  or  broken 
foundation  bolts  or  rivets,  an  unbalanced  fan,  or 
other  defects.  All  defects  should  be  corrected 
as  soon  as  possible  in  order  to  prevent  a  com- 
plete breakdown  of  the  blower. 

Minor  repairs  to  blower  fan  blades  may  be 
made  aboard  ship  in  case  of  emergency,  in  ac- 
cordance with  procedures  specified  in  chapter 
9530  of  the  Naval  Ships  Technical  Manual.  Major 
repairs  to  fan  blades  must  NOT  be  made  with- 
out specific  instructions  from  the  Naval  Ship 
Systems  Command.  As  a  matter  of  routine  care, 
blower  fan  blades  should  be  wiped  down  from 
time  to  time  to  remove  dirt  and  dust.  (One 
rapid  method  of  cleaning  the  blades  of  a  multi- 
stage blower  without  any  disassembly  is  dis- 
cussed in  chapter  9530  of  the  Naval  Ships  Tech- 
nical Manual.)  Paint  must  NEVER  be  applied  to 
a  blower  fan  or  to  any  other  rotating  part  of  the 
unit. 

When  inspecting  and  repairing  blowers 
equipped  with  anti-reverse  rotation  devices,  be 
careM  not  to  sq^ly  reverse  torque  to  the  shaft, 
since  this  could  cause  damage  to  the  shaft  of 
the  anti-reverse  rotation  device. 

Safety  Precauti(xusi 

Some  of  the  most  important  safety  precau- 
tions to  be  observed  in  connection  with  forced 
draft  blowers  are: 

1.  Before  starting  a  blower,  always  make 
sure  that  the  fan  is  free  of  dirt,  tools,  rags,  and 
other  foreign  objects  or  nutterials.  Check  the 
blower  room  for  loose  objects  that  might  be 
drawn  into  the  fan  when  the  blower  is  started. 

2.  Do  not  try  to  move  automatic  shutters  by 
hand  if  another  blower  serving  the  same  boiler 
is  already  in  operation. 

3.  When  only  one  blower  on  a  boiler  is  to 
be  operated,  make  sure  that.the  automatic  shut- 
ters cm  the  idle  blower  are  closed  and  locked. 

4.  Never  try  to  turn  a  blower  by  hand  when 
steam  (s  being  admitted  to  ft^  unit. 
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5.  Never  tie  down  the  speed-limiting  gov- 
ernor. Be  sure  it  is  in  good  operating  con- 
diticm  at  all  times.  Be  siire  it  is  properly 
set. 

6.  Observe  all  safety  precautions  required 
in  connection  with  the  operation  of  the  driving 
turbine. 

Casualty  Control 

ff  a  forced  draft  blower  fails,  talce  the  fol- 
lowing action: 

1.  U  one  blower  fails  when  two  blowers  are 
in  use,  speed  up  the  other  blower. 

2.  If  only  one  blower  is  in  use,  secure  the 
burners  immediately  to  prevent  a  flareback. 

3.  Start  the  standby  blower  and  notify  the 
engineroom  ot  the  casualty  because  of  a  possi- 
ble need  for  a  reduction  in  speed. 

4.  Determine  the  cause  of  the  failure  and 
remedy  the  trouble  as  soon  as  possible. 


The  rupture  of  a  forced  draft  blower  lube  oil 
line  is  a  casualty  in  itself,  as  well  as  one  which 
can  lead  to  blower  failure.  The  rupture  of  a 
lube  oil  line  is  discussed  here  separately  be- 
cause of  the  special  hazard  of  fire  that  is  in- 
volved. Jt  a  forced  draft  blower  lube  oil  line  is 
ruptured,  take  .the  fallowing  action  immediately. 

1.  If  two  blowers  are  in  use,  secure  the  af- 
fected blower  and  speed  up  the  pther.  U  only 
one  blower  is  in  use,  secure  the  burners  im- 
mediately to  prevent  a  flareback.  Secure  the 
affected  blower  and  light  off  the  standby  blower. 

2.  Notify  the  engineroom  because  of  a  pos- 
sible need  for  a  reduction  in  speed. 

3.  Get  firefig^ing  equipment  to  the  scene. 

4.  Wipe  up  all  oil  that  has  spilled  out.  Flush 
out  and  wipe  out  the  bilges  as  necessary. 

5.  Repair  or  renew  the  ruptured  section  as 
soon  as  possible. 

6.  Refill  the  reservoir  with  clean  oil.  Test 
the  new  section;  if  it  is  satisfactory,  the  blower 
can  be  returned  to  service. 
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AUXILIARY  STEAM  TURBINES 


Auxiliary  steam  turbines  are  used  to  drive 
many  auxiliary  machinery  units  aboard  steam- 
driven  ships.  Turblne*drlven  auxiliaries  located 
In  the  engineering  spaces  Include  ship's  service 
generators,  forced  draft  blowers,  air  compres* 
8ors,  and  a  number  of  pumps  such  as  main  con« 
densate  pumps,  main  condenser  circulating 
pumps,  main  feed  pumps,  feed  booster  pumps, 
fUel  oil  service  pumps,  and  liibrlcating  oil  serv- 
ice pumps. 

In  many  cases,  the  turbine-driven  auxiliaries 
are  duplicated  by  electrically  drivenimitsfor  in- 
port  or  cruising  use.  Although  the  motor-driven 
units  have  a  comparatively  high  efficiency,  their 
capacity  is  not  sufficient  (on  some  ships,  atleast) 
to  meet  the  demands  of  the  engineering  plant  at 
high  speeds.Afurtheradvantageof  auxillarytur- 
bines  is  their  greater  reliability;  in  general, 
there  is  greater  possibility  of  interruption  or 
bss  of  electric  power  supply  than  of  steam  sup- 
ply. Tn  addition,  the  use  of  auxiliary  turbines  im- 
proves the  overall  plant  efficiency  because  ex- 
haust steam  from  the  auxiliary  turbines  can  be 
utilized  in  various  ways  throue^ut  the  plant. 

The  basic  principles  of  steam  turbine  design, 
classification,  and  construction  discussed  in 
chapter  12  of  this  text  apply  in  general  to  auxil- 
iary turbines  as  well  as  to  propulsion  turbines, 
except  for  specific  differences  noted  in  the  re- 
mainder of  this  chapter. 

TYPES  OF  AUXILIARY  TURBINES 

Many  auxiliary  turbines  are  of  the  Impulse 
type.  Reduction  gears  are  used  with  mostauxll- 
lary  turbines^  to  increase  efficiency.  Since 
space  requirements  frequently  demand  relatlv- 


^  Dlreot  drive,  rather  than  geared  drive,  units  include 
forced  draft  blowers,  hig^  speed  centrifugal  pumps, 
and  some  recent  ship's  service  turbogenerators. 


ely  small  units,  auxiliary  turbines  are  usually 
designed  with  comparatively  few  stages— often 
only  one.  This  means  a  large  pressure  drop  and 
a  high  steam  velocity  in  each  stage.  To  obtain 
maximum  efficiency,  the  blade  speed  must  also 
be  high.  With  auxlllaxy  turbines,  as  with  propul- 
sion turbines,  reduction  gears  serve  to  reconcile! 
the  conflicting  speed  requirements  of  the  driving  j 
and  the  driven  units. 

Until  about  1950,  many  generator  turbines 
were  designed  and  Installed  in  such  a  way  that 
they  could  be  operated  on  steam  from  either  su- 
perheated or  saturated  steam  lines  at  full  boiler 
pressure.  Most  of  the  other  auxiliary  turbines  at 
this  time  operated  on  saturated  steam  at  full 
boiler  pressure.  During  the  early  1960's,  a  few! 
ships  were  built  in  which  all  auxiliary  turbines 
were  designed  to  qperate  on  steam  at  full  super-: 
heat  and  full  boiler  pressure.  On  most  oil-fired; 
ships  built  since  1953,  steam  at  full  superheat: 
and  fuU  boiler  pressure  is  supplied  to  the  auxll-; 
lary  turbines  for  generators,  main  feed  pumps,  ^ 
and  forced  draft  blowers;  the  other  auxiliary  tur- 
bines on  these  ships  usually  operate  on  steam  at 
reduced  temperature  and  pressure  (about  50^  F 
of  superheat  and  600  pslg).  On  nuclear  ships^^  allj 
turbines  (propulsion  and  auxiliary)  are  designed} 
to  operate  on  wet  steam— usually,  steam  viAilch! 
contains  about  1  percent  moisture.  The  auxiliary! 
turbines  on  nuclear  ships  operate  over  a  wide; 
pressure  range  which  varies  according  to  the; 
type  ofnuclear  propulsion  plant.  For  more  recent 
nuclear  submarines,  the  pressure  range  is  fromj 
285  to  750  pslg;  on  the  nuclear  carrier  USS  En-: 
terprise,  the  pressure  range  is  from  approxi-j 
mately  d85  to  1025  pslg  under  normal  operating 
conditions.  The  generator  turbines  usually  ex- 
haust to  ttielr  own  separate  auxiliary  condensers;^ 
on  recent  submarines,  however,  they  exhaust  to! 
the  main  condenser.  Most  other  auxiliary  tur-^ 
bines  exhaust  to  the  auxiliary  exhaust  system.! 
The  auxiliary  esdiaust  system  Imposes  a  back 
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pressure  which  Is  approximately  15  pslg  onoll- 
flred  ships  and  somewhat  higher  on  nuclear 
ships. 

Most  auxiliary  turbines  are  axial  flow  units 
which  are  quite  similar  (except for  size  and  num- 
ber of  stages)  to  the  axial-flow  propulsion  tur- 
bines described  in  chapter  12.  However,  some 
auxiliary  turbines  are  designed  for  helical  flow 
and  some  fpr  radial  flow-types  of  flow  which  are 
seldom  if  ever  used  for  propulsion  turbines. 

A  helical-flow  auxiliary  turbine  is  shown  in 
figure  16-1.  In  a  turbine  of  this  type,  steam 
enters  at  a  tangent  to  the  periphery  of  the  rotor 


Figure  16-1.— Helical-flow  turbine. 
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and  impinges  upon  the  moving  blades.  These 
blades,  which  « consist  of  semicircular  slots 
milled  obliquely  in  the  wheel  periphery,  are 
called  buckets.  The  buckets  are  shaped  in  such  a 
way  that  the  direction  of  steam  flow  is  reversed 
in  each  bucket,  and  the  steam  is  directed  into  a 
redirecting  bucket  or  reversing  chamber 
mounted  on  the  inner  cylindrical  surface  of  the 
casing.  The  direction  of  the  steam  is  again  re- 
versed in  the  reversing  chamber,  and  the  con- 
tinuous reversal  of  the  direction  of  flow  keeps 
the  steam  moving  helically. 

Several  nozzles  are  usually  Installed  in  this 
type  of  turbine,  and  for  each  nozzle  there  is  an 
accompanying  set  of  redirecting  buckets  or  re- 
versing chambers.  Thus  the  reversal  of  steam 
flow  is  repeated  several  times  for  each  nozzle 
and  set  of  reversing  chambers. 

Now  let  us  consider  the  classification  of  a 
helical-flow  turbine  with  respect  to  staging  and 
compounding,  as  discussed  in  chapter  12.  It  is 
a  single-stage  turbine  because  it  has  only  one 
set  or  nozzles  and  therefore  only  one  pressure 
drop.  It  is  a  velo c Ity- compound  turbine  because 
the  steam  passes  through  the  moving  blades 
(buckets)  more  than  once,  and  the  velodtyof  the 
steam  is  therefore  utilized  more  than  once.  The 
helical-flow  turbine  shown  in  figure  16-1  might 
be  said  to  correspond  roughly  to  a  turbine  in 
which  velocity-compounding  is  achieved  by  the 
use  of  four  rows  of  moving  blades. 

Helical-flow  auxiliary  turbines  are  used  for 
driving  some  pumps  and  forced  draft  blowers. 

The  arrangement  of  nozzles  and  blading  that 
provides  radial  flow  in  a  turbine  is  shown  in  fig- 
ure 16-2.  Turbines  of  this  type  are  sometimes 
used  for  driving  auxiliary  units  such  as  pumps. 

As  discussed  in  chapter  12,  turbines  may  be 
classified  as  single- entey  or  re-entry  turbines, 
depending  upon  the  number  of  times  the  steam 
enters  the  blading.  All  multistage  (and  hence  all 


Figure  16-2.^Radial  flow. 
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propulsion)  turbines  are  of  the  single- entry- 
type.  Howeveri  some  auxiliary  turbines  are  of 
the  re-entry  tjnpe. 

Re-entry  turbines  are  those  in  which  the 
steam  passes  more  than  once  through  the  blading. 
Hence  the  helical-flow  turbine  }ust  discussed  is 
a  re-entry  turbine.  A  different  kind  of  re-entry 
turbine  is  shown  in  figure  16-3.  This  turbine  is 
similar  in  principle  to  the  helical-flow  turbine. 


38.82X 

Figure  16-3.— Re-entry  turbine  with  one  revers- 
ing chamber. 


but  it  has  one  large  reversing  chamber  instead 
of  a  number  of  redirecting  chambers.  Re-entry 
turbines  are  sometimes  made  with  two  revers- 
ing chambers  instead  of  one. 

The  auxiliary  turbine  shown  in  figure  16-4 
is  used  to  drive  main  condensate  pumps,  feed 
booster  pumps,  and  lubricating  oil  service  pumps 
on  many  older  destroyers.  Note  that  this  is  a 
radial-flow  turbine.  This  same  design  of  turbine 
is  used  on  some  newer  ships,  but  with  improved 
metals  designed  to  withstand  hi^er  pressures, 
higher  temperatures,  and  high-impact  (HI) 
shock. 

Another  kind  of  auxiliary  turbine  is  shown  in 
figure  16-5.  This  turbine,  which  is  used  to  drive 
main  condenser  circulating  pumps,  is  a  verti- 
cally mounted,  axial-flow,  velocity- compounded 
impulse  turbine.  Although  this  type  of  turbine  is 
becoming  obsolete,  it  is  still  in  operation  on 
some  older  types  of  ships.  The  turbine  shaft  is 
secured  to  the  vertical  shaft  of  the  pump.  A  thrust 
bearing,  mounted  integrally  with  the  upper  radial 
bearing,  carries  the  weight  of  the  rotating  ele- 


ment and  absorbs  any  downward  thrust.  A  throttle  i 
valve  and  a  double- seated  balanced  inlet  valve  \ 
(normally  held  wide  open  by  the  governor  mech-  ; 
anism)  admit  steam  to  the  turbine. 

Figure  16-6  shows  an  auxiliary  turbine  used  ' 
to  drive  a  400-kllowatt  a-c,  50-kilowatt  d-c 
ship's  service  turbogenerator.  The  turbine  is  an 
axial-flow,  pressure-compounded  unit.  It  ex-  : 
hausts  to  a  separate  auxiliary  condenser  which  j 
has  its  own  circulating  pump,  condensate  pump,  | 
and  air  ejectors.  Cooling  water  for  the  condenser  j 
is  provided  by  the  auxiliary  circulating  pump,  j 
through  separate  injection  and  overboard  valves,  j 
In  case  of  casualty  to  the  auxiliary  condenser,  ; 
the  turbine  can  exhaust  to  the  main  condenser  I 
when  the  main  plant  is  in  operation.  i 
The  turbogenerator  turbine  shown  in  figure  i 
16-6  is  so  designed  that  it  can  operate  on  either  / 
saturated  steam  or  superheated  steam.  Provi-  i 
sion  is  made  for  suppl]rlng  steam  to  the  turbine  i 
either  from  the  main  steam  line  (superheated)  S 
Df^ile  under  way  or  from  the  auxiliary  steam  line  1 
(saturated)  during  in-port  operation  when  the  \ 
propulsion  turbines  and  the  main  steam  system  \ 
are  secured.  The  steam  is  admitted  to  the  turbine  | 
through  a  throttle  trip  valve  to  the  steam  chest,  1 
the  speed  being  regulated  by  a  number  of  nozzle  | 
control  valves  imder  the  control  of  a  governor.  | 
Because  the  ship's  service  generator  must  | 
supply  electricity  at  a  constant  voltage  and  f  re-  | 
quency,  the  turbine  must  run  at  a  constant  speed  ;| 
even  though  the  load  varies  greatly.  Constant! 
speed  ismaintainedthroughtheuseof  a  constant- 1 
speed  governor  (discussed  later  in  this  chapter).  | 
As  may  be  seen  in  figure  16-6,  the  shaft  | 
glands  of  the  ship's  servic  e  generator  turbine  ar  e  1 
supplied  with  gland  sealing  steam.  The  system  f 
is  much  the  same  as  that  provided  for  propulsion! 
turbines.  Other  auxiliary  turbines  in  naval  use 
do  not  require  an  external  source  of  gland  seal-  [ 
ing  steam  since  they  esdiaust  to  pressures  above; 
atmospheric  pressure/.  i 
Generator  turbines  vary  greatly,  and  arenott 
aU  like  the  one  shown  in  figure  16-6.  For 
example,  one  recent  type  of  turbogenerator  con- 
sists of  seven  stages— one  Curtis  stage  and  six 
Rateau  stages.  This  turbine  is  direct  drive, 
rather  thangeared;theturbineoperatesat  12,000 
rpm  and  so  does  the  generator. 

AUXILIARY  TURBINE  LUBRICATION  I 

Auxiliary  turbines  designed  to  Navy  speclfi-| 
cations  have  pressure  lubrication  systems  to 
lubricate  the  radial  bearings,  reduction  gear8,| 
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Figure  16-4.— Auxiliary  turbine  for  main  condensate  pump,  feed  booster  pump, 

and  lubricating  oil  service  pump. 
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mdgpvemors.2  Pressure  lubrication  systems 
br  auxiliary  turbines  do  not  provide  lubrication 
tor  governor  linkages  or- except  on  some  turbo- 
generator sets-for  flexible  couplings;  these 
parts  of  the  unit  must  be  lubricated  separately. 


ERIC 


Some  very  small  oommercially  designed  auxiliary 
turbines  have  self -oiling  bearings  instead  of  pre8sui*e 
lubrication  systems.  A  self-oiling  bearing  has  one  or 
two  rings  which  hang  on  the  turhine  shaft  and  revolve 
with  it,  although  at  a  slowier  rate.  On  each  revolution, 
the  rings  dip  inlo  an  oil  reservoir  and  carry  oil  arouno 
to  the  i^r  part  of  the  bearing  shelU 


A  pressure  lubrication  system  requires  a 
lube  oil  pump.  As  a  rule,  the  lube  oil  pumps  used 
for  auxiliary  units  are  positive-displacement^^ 
pumps  of  the  simple  gear  type,  as  discussed  in 
chapter  IS  of  this  text.  The  lube  oil  pump  is  gen- 
erally faistalled  on  the  turbine  end  of  a  forced 
draft  blower  unit,  but  may  be  on  either  the  driv- 
ing or  the  driven  end  of  pumpunitis.  The  lube  oil 
pumps  Ibr  turbogenerators  are  usually  driven  by 
auxiliary  gearing  connected  to  the  low  speed  gear 
shaft.  Some  forced  draft  blowers  use  a  centrif- 
ugal pump,  supplemented  by  a  viscosity  pdmp,  for 
lubricaUon  of  the  unit;  this  type  o|  lubricati(xi 
system  is  peculiar  to  forced  draft  blower  sand  is 
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Figure  16-5.— Auxiliary  turbine  for  main  condenser  circulating  pump. 
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therefore  discussed  In  connection  with  the 
blowersi  in  chapter  15  of  this  text. 

The  pressure  lubrication  syatem  shown  in 
figures  16-7  and  16-8  is  designed  for  fuel  oil 
service  pumps^  ftiel  oil  booster  pumps,  and  lu- 
bricating oil  service  pumps;  however,  it  is 
similar  In  principle  to  the  lubricating  systems 
of  many  other  units. 


In  the  system  illustrated,  the  bottom  section 
of  the  gear  casing  forms  the  oil  reservoir.  The 
reservoir  is  filled  through  an  oil  filler  hole  in 
the  top  of  the  casing  and  emptied  through  a  drain 
outlet  at  the  base  of  the  casing.  The  shaft,  ^ich 
carries  the  gear-tjrpe  oil  pump  on  one  end  and 
the  governor  on  the  other  end,  is  geared  to  the 
pump  shaft.  The  pump  shaft  is  in  turn  geared  to 
the  turbine  shaft. 
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EXHAUST  TO  AUXILIARY  CONDENSER 


Figure  16-6.-Auxiliary  turbine  for  ship's  service  turbogenerator. 
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Figure  16<-7.- Pressure  lubrication  system  for  turbine-driven  unit. 
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The  lubricating  oil  passes  through  anoU  sight 
flow  Indicator 9  a  metal^edge  type  of  filter,  and 
an  oil  cooler.  Oil  is  then  piped  to  the  bearings 
on  the  turbine  shaft,  to  the  governor,  and  to  the 
worm  gear  on  the  pump  shaft.  The  bearings  and 
gear  on  the  oil  pump  and  governor  shaft  are  lu- 
bricated by  oil  which  drains  from  the  governor 
and  passes  back  into  the  oil  reservoir.  A  relief 
valve  is  built  Into  the  gear  casing.  This  valve 
serves  to  protect  the  system  against  the  dev- 
elopment of  excessive  pressures. 

SPEED  CONTROL  DEVICES 

Different  types  of  governors  are  used  for 
controlling  the  speed  of  auxiliary  turbines.  The 


discussion  here  is  limited  to  the  constant- speed 
governor  and  the  constant-pressure  pump  gov- 
ernor, both  of  which  are  in  common  naval  use.^ 

Constant-Speed  Governors 

The  constant-speed  governor,  sometimes 
called  the  speed- regulating  governor,  is  used  on 
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8  Additional  governlngdevloes  that  maybe  encountered 
on  recent  ships  iholude  hydraulic  or  electric  load- 
sensing  govemorSt  for  turtegeneraftorst  and  pneu- 
maftiOt  i^drauliOt  or  electric  oontrols  for  main  feed 
pumps.  On  ships  having  automatic  combustion  and  feed 
water  control  systemst  the  nudn  feedpump  oontrols 
may  be  related  in  some  way  to  the  boiler  oontrols. 
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Figure  1 6- 8»— Isometric  diagram  of  pressure  lubrication  system. 
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constant-speed  machines  to  maintain  a  constant 
speed  regardless  of  the  load  on  the  turbine. 
Constant- speed  governors  are  used  primarily  on 
generator  turbines  and  on^alr  compressor  tur- 
bines. 

A  constant-qpeed  governing  system  for  a 
ship's  service  generator  turbine  Is  shown  In  fig- 
ure 16-0.  The  constant- speed  governor  operates 


a  pilot  valve  which  controls  the  flow  of  oil  to  an 
operating  cylinder.  The  operating  cylinder.  In 
turn,  controls  the  extent  of  the  opening  or  clos- 
ing of  the  turbine  nozzle  valves. 

With  an  Increased  load  on  the  generator^  the 
turbine  tends  to  slow  down.  Since  the  governor 
Is  driven  by  the  turbine  shaft,  through  reduction 
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gears,  the  governor  also  slows.  Centrifugal 
weights  on  the  governor  move  inward  as  the 
speed  decreases,  and  this  causes  the  pilotvalve 
to  move  upward,  permitting  oil  to  enter  the  oper- 
ating cylinder.  The  operating  piston  rises  and, 
through  the  controlling  valve  lever,  the  lifting 
beam  is  raised.  The  nozzle  valves  open  and 
admit  additional  steam  to  the  turbines. 

The  upward  motion  of  the  controlling  valve 
lever  causes  the  governor  lever  to  rise,  thus 
raising  the  bushing.  Upward  motion  of  the  bush- 
ing tends  to  close  the  upper  port,  shutting  off  the 
flow  of  oil  to  the  operating  cylinder;  this  action 
stops  the  upward  motion  of  the  operating  piston. 
The  purpose  of  this  follow-up  motion  of  the 
bushing  is  to  regulate  the  governing  action  of  the 
pilot  valve.  Without  this  feature,  the  pilot  valve 
would  operate  with  each  slight  variation  in  tur- 
bine speed  and  the  nozzle  valves  would  be  alter- 
nately opened  wide  and  closed  completely. 

A  reverse  process  occurs  when  the  load  on 
the  generator  decreases.  In  this  case,  the  turbine 
speeds  up,  the  govenior  speeds  up,  the  cen- 
trifugal weights  move  outward,  and  the  pilotvalve 
moves  downward,  opening  the  lower  ports  and 
allowing  oil  to  flow  out  of  the  operating  cylinder. 
The  controlling  valve  lever  lowers  the  lifting 
beam  and  thereby  reduces  the  amount  of  steam 
delivered  to  the  turbine. 

Constant-Pressure  Pump  Governors 

Many  turbine-driven  pumps  are  fitted  with 
constant-pressure  pump  governors.  Tlie  function 
of  a  constant  pressure  pump  governor  is  to 
maintain  a  constant  pump  discharge  pressure 
under  conditions  of  varying  flow.  The  governor, 
which  is  installed  in  the  steam  line  to  the  pump, 
controls  the  pump  discbarge  pressure  by  con- 
trolling the  amount  of  steam  admitted  to  the 
driving  turbine. 

A  constant-pressure  pump  governor  for  a 
main  feed  pump  is  shown  in  figure  16-10.  The 
governors  used  on  fuel  oil  service  pumps,  lidt>eoil 
service  pumps,  fire  and  flushing  pumps,  and 
various  otter  pumps  are  almost  identical.  The 
chief  difference  between  governors  used  for  dif- 
ferent services  is  in  the  size  of  the  upper  dia- 
phragm. A  governor  used  for  a  pump  which  oper- 
ates withahighdisdiargepressurehasa  smaller 
tipper  diaphragm  tlian  one  for  a  pump  which  oper- 
ates with  a  low  disctiarge  pressure. 

Two  opposing  forces  are  involved  in  the 
operation  of  a  constant-pressure  pump  governor. 


Fluid  from  the  pump  discharge,  at  discharge 
pressure,  is  led  through  an  actuating  line  to  the 
space  below  the  upper  diaphragm.  The  pump  dis- 
charge pressure  thus  exerts  an  upward  force  on 
the  upper  diaphragm.  Opposing  this,  an  adjusting 
spring  exerts  a  downward  force  on  the  upper  dia» 
phragm. 

When  the  downward  force  of  the  adjusting 
spring  is  greater  than  the  upward  force  of  the 
pump  discharge  pressure,  the  spring  forces  the 
upper  diaphragm  and  the  upper  crossheaddown. 
A  pair  of  connecting  rods  connects  the  upper 
crosshead  rigidly  to  the  lower  crosshead,  sothe 
entire  assembly  of  upper  and  lower  crossheads 
moves  together.  When  the  crosshead  assembly 
moves  down,  it  pushes  the  lower  mushroom  and 
the  lower  diaphragm  downward.  The  lower  dia- 
phragm is  in  contact  with  the  controlling  valve. 
When  the  lower  diaphragm  is  moved  down,  the 
controlling  valve  is  forced  down  and  thus  opened. 

The  controlling  valve  is  supplied  with  a  small 
amount  of  steam  through  a  port  from  the  inlet 
side  of  the  governor.  When  the  controlling  valve 
is  open,  steam  passes  to  the  top  of  the  operating 
piston.  The  steam  pressure  acts  on  the  top  of  the 
operating  piston,  forcing  the  piston  down  and 
opening  the  main  valve.  The  extent  to  which  the 
main  valve  is  open  controls  the  amount  of  steam 
admitted  to  the  driving  turbine.  Increasing  the 
opening  of  the  main  valve  therefore  increases  the 
supply  of  steam  to  the  turbine  and  so  increases 
the  speed  of  the  turbine. 

The  increased  speed  of  the  turbine  is  reflec- 
ted in  an  increased  discharge  pressure  from  the 
pump.  This  pressure  is  exerted  against  the  under 
side  of  the  upper  diaphragm.  When  the  pump  dis- 
charge pressure  has  increased  to  the  point  where 
the  upward  force  acting  on  the  under  side  of  the 
upper  diaphragm  is  greater  than  the  downward 
force  exerted  by  the  adjusting  spring,  the  upper 
diaphragm  is  moved  upward.  This  action  allows 
a  spring  to  start  closing  the  controlling  valve, 
which  in  turn  allows  the  main  valve  spring  to 
start  closing  the  main  valve  against  the  now  re- 
duced pressure  on  the  operating  piirton.  When  the 
main  valve  starts  to  close,  the  steam  supply  to 
the  turbine  is  reduced,  the  speed  of  the  turbine 
is  reduced,  and  the  pump  discharge  pressure  is 
reduced. 

At  first  glance,  it  might  seem  that  the  con- 
trolling valve  and  the  main  valve  would  be  con- 
stantly opening  and  closing  and  that  the  pump 
discharge  pressure  would  be  continually  varjring 
over  a  wide  range.  This  does  not  happen,  how- 
ever, because  the  governor  is  designed  with  an 
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Figure  IG-lO.—Constant-pressure  pump  governor  for  nialn  feed  pump. 
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arrangement  which  prevents  excessive  opening 
or  closing  of  the  controlling  valve.  An  interme* 
diate  diaphragm  bears  against  an  intermediate 
mushroom  which,  in  turn,  bears  against  the  top 
of  the  lower  crosshead/ Steam  is  led  from  the 
governor  ouUet  to  the  bottom  of  the  lower  dia* 
phragm  and  also,  through  a  needle  valve,  to  the 
top  of  the  intermediate  diaphragm.  A  steam 
chamber  is  provided  to  assure  a  continuous  sup- 
ply of  steam  at  the  required  pressure  to  the  top 
of  the  intermediate  diaphragm. 

Any  movement  of  the  crosshead  assembly, 
either  up  or  down,  is  thus  opposed  by  the  force 
of  the  steam  pressure  acting  either  on  the  inter- 
mediate diaphragm  or  on  the  lower  diaphragm. 
The  whole  arrangement  serves  to  prevent 
extreme  reactions  of  the  controlling  valve  in  re- 
sponse to  variations  in  pump  discharge  pressure. 

Limiting  the  movement  of  the  controlling 
valve  in  the  manner  Just  described  reduces  the 
amount  of  hunting  the  governor  must  do  to  find 
each  new  position.  Under  constant-load  condi- 
tions, the  controllingvalvetakesapositlonwhlch 


AUXILIARY  PILOT 
VALVI 


causes  the  main  valve  to  remain  open  by  the  re- 
quired amount.  A  change  in  load  conditions  re- 
sults in  momentary  hunting  bythe  governor  until 
it  finds  the  new  position  required  to  maintain 
pump  discharge  pressure  at  ttie  new  condition  of 
load. 

An  automatic  shutdown  device  has  recently 
been  developed  for  use  on  main  feedpumps.  The 
purpose  of  the  device  is  to  shut  down  the  main 
feed  pump  and  so  protect  it  from  damage  in  the 
event  of  loss  of  feed  booster  pump  pressure.  The 
shutdown  device  consists  of  an  auxiliary  pilot 
valve  and  a  constant-pressure  pump  governor, 
arranged  as  shown  infigure  16-11.  Thegovemor 
is  the  same  as  the  constant-pressure  pump  gov- 
ernor just  described  except  that  it  has  a  special 
top  cap.  In  the  regular  governor,  the  steam  for 
the  operating  piston  is  supplied  to  the  controlling 
valve  through  a  port  in  the  governor  valve  body. 
In  the  automatic  shutdown  device,  the  steam  for 
the  operating  piston  is  supplied  to  the  controlling 
valve  through  the  auxiliary  pilot  valve.  The  aux- 
iliary pilot  valve  is  actuated  by  the  feed  booster 
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Figure  16-ll.-Automatlc  shutdown  device  for  main  feed  pump. 
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pump  discharge  pressure.  When  the  booster 
pump  discharge  pressure  Is  Inadequate!  the  aux* 
lliary  pilot  valve  will  not  deliver  steam  to  the 
controlling  valve  of  the  governor.  Thus  inade- 
quate feed  booster  pump  pressure  allows  themaln 
valve  in  the  governor  to  close,  shutting  off  the 
flow  of  steam  to  the  main  feed  pump  turbine. 

SAFETY  DEVICES 

Safety  devices  used  on  auxiliary  turbines  In- 
clude speed-limiting  governors  and  several 
kinds  of  trips.  Safety  devices  differ  from  speed 
control  devices  in  that  they  have  no  control  over 
the  turbine  under  normal  operating  conditions.  It 
is  only  when  some  abnormal  condition  occurs  tliat 
the  safety  devices  come  Into  use  to  stop  the  unit 
or  to  control  its  speed. 

Speed- Limiting  Governors 

The  speed- limiting  governor  is  essentially 
a  safety  device  for  variable  speed  units.  It 
allows  ttie  turbine  to  operate  under  all  conditions 
from  no-load  to  overload,  up  to  the  speed  for 


which  the  governor  is  set,  but  it  does  not  allow 
operation  in  excessof  107  percent  of  rated  speed. 
It  is  Important  to  note  that  this  type  of  governor 
is  adjusted  to  the  maximum  operating  speed  of 
the  turbine  and  therefore  has  no  control  over  the 
admission  of  steam  until  the  upper  limit  of  safe 
operating  speed  is  reached. 

One  common  type  of  speed- limiting  governor 
is  shown  in  figure  16-12.  This  governor  is  used 
on  main  condensate  pumps,  feed  booster  pumps, 
lube  oil  service  pumps,  and  other  auxiliaries  In 
the  engineering  plant.  The  particular  speed- lim- 
iting governor  shown  here  Is  designed  for  use  on 
a  main  condensate  pump  with  a  vertical  shaft; 
speed-limiting  governors  that  operate  on  very 
much  the  same  principle  are  used  on  main  feed 
pumps  and  other  atixlllarles  that  have  horizontal 
shafts. 

The  governor  shaft  Is  driven  directly  by  an 
auxiliary  shaft  in  the  reduction  gear,  and  rotates 
at  the  same  speed  as  the  pump  shaft.  This  speed 
is  proportional  to^although  lower  than— the 
speed  of  the  driving  turbine.  Two  fljrweightsare 
pivoted  to  a  yoke  on  the  governor  shaft  and  carry 


Figure  16-12.— Speed-limiting  governor. 
434 


47.54 

441 


Chapter  16.  -AUXILIARY  STEAM  TURBINES 


SMEROENCY  OOVERNOR 
DETAIL 


VALVE 


OIL  PIPE 


arms  which  bear  on  a  push  rod  assembly.  The 
push  rod  assembly  is  held  down  by  a  strong 
spring. 

Because  of  centrifugal  force,  the  position  of 
the  flyweights  is  at  all  times  a  function  of  tur- 
bine speed.  As  the  turbine  speed  increases,  the 
flyweights  move  outward  and  lift  the  arms.  As 
the  speed  of  the  turbine  approaches  the  speed 
for  which  the  governor  is  set,  the  arms  lift 
against  the  spring  tension.  If  the  turbine  speed 
begins  to  exceed  the  speed  for  which  the  governor 
is  set,  the  flyweights  move  even  farther  out, 
thereby  causing  the  governor  valve  to  throttle 
down  on  the  steam. 

When  the  turbine  slows  down,  as  from  an  in- 
crease in  load,  the  centrifugal  force  on  the  fly- 
weights is  diminished  and  the  governor  push  rod 
spring  acts  to  pull  the  flyweights  inward.  This 
action  rotates  the  lever  about  its  pivot  and  opens 
the  governor  valve,  thus  admitting  more  steam 
to  the  turbine.  The  turbine  speed  increases  until 
normal  operating  speed  is  reached. 

The  speed-limiting  governor  acts  as  a 
constant-speed  governor  when  the  turbine  is6p- 
erating  at  or  near  rated  speed,  although  it 
is  designed  only  as  a  safety  device  to  prevent 
overspeedlng.  The  governor  has  no  effect  on  the 
speed  of  the  turbine  at  speeds  below  about  95  per- 
cent of  rated  speed. 

Trips 

Several  kinds  ci  trips  are  used  as  safety  de- 
vices on  auxiliary  turbines. 

Overspeed  trips  are  used  on  turbines  that 
have  constant-speed  governors.  The  overspeed 
trip  shuts  off  the  supply  of  steam  to  the  turbine 
and  thus  stops  the  unit  when  a  predetermined 
speed  has  been  reached.  Overspeed  trips  are 
usually  set  to  trip  out  at  about  110  percent  of 
normal  operating  speed.  In  the  past  overspeed 
trips  were  used  primarily  on  constant-qpeed  tur- 
bines and  on  some  commercial-type  variable- 
speed  units.  Recent  specifications  require  over- 
speed  trips  onallnavalauxlliaryturbinesof  over 
100  horsepower.  Figure  16-13  shows  the  con- 
struction of  an  overspeed  trip  used  on  turbogen- 
erator. 

Back-pressure  trips  are  Installed  on  turbo- 
generators  to  protect  the  turbine  by  closing  ihe 
throttle  automatically  when  the  back  pressure 
(exhaust  pressure)  becomes  too  high.  A  back- 
pressure trip  is  shown  in  figure  16-14. 

Emergency  hand  trips  are  installed  on  turbo- 
generators to  provide  a  means  for  dosing  the 
throttle  quickly,  by  hand,  in  case  of  damage  to 
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Figure  16-13.-Overspeed  trip  for  turbogen- 
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either  the  turbine  or  the  generator.  A  hand  trip 
may  be  seen  in  the  illustration  of  an'overspeed 
trip  (fig.  16-13). 

Some  auxiliary  turbines  (generator  turbines, 
in  particular)  are  fitted  wi&i  low  oil  pressure 
alarms  to  warn  operating  personnel  tenths  lu- 
bricating oil  pressurebecomes  dangerously  low. 
When  the  oil  pressure  drops  below  normal,  a 
pressure-actuated  switch  completes  an  electri- 
cal circuit  to  sound  an  audible,  alarm.  Control 
systems  may  also  be  arranged  to  trip  the  tur- 
bine if  lubricating  oil  pressure  drops  too  low. 


TESTING  SAFETY  DEVTCBS 

Speed  limiting  governors  and  safety  trips 
must  be  tested  and  maintained  in  accordance  with 
the  requirements  set  forth bytheNavalShipSys- 
tems  Command  and  at  the  intervals  specified  by 
the  Planned  Maintenance  Subsystem  of  the  3-M 
System.  Testing  must  be  done  under  the  super- 
vision of  the  engineer  officer  and  ttie  results  of 
the  tests  must  be  entered  in  the  engineering  log. 
Figure  16-15  shows  some  of  the  required  tests 
and  maintenance  remdrements  (Maintenance 
Index  page)  for  a  turb^feAtor. 
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CHAPTER  17 

COMPRESSED  AIR  PLANTS 


Compressed  air  serves  many  purposes 
aboard  ship,  and  air  outlets  are  installed  in  var- 
ious suitable  locations  throughout  the  ship.  The 
uses  of  compressed  air  include  (but  are  not  lim- 
ited to)  the  operation  of  pneumatic  tools  and, 
equipmenti  diesel  engine  starting  and  control,^ 
torpedo  charging,  aircraft  starting  and  cooling, 
air  deballastingi  and  the  operation  of  pneumatic 
control  systems.  The  systems  that  supply  com- 
pressed air  for  the  various  shipboard  needsare 
discussed  in  chapter  9  of  this  text;  in  the  present 
chapter  we  are  concerned  with  the  equipment 
used  to  compress  the  air  and  supply  it  to  the 
compressed  air  systems. 

Compressed  air  represents  a  storage  of 
:  energy.  Work  is  done  on  the  working  fluid  (air) 
do  that  work  can  later  be  done  by  the  working 
■  fluid.  Air  compression  may  be  either  an  adiabatic 
or  an  isothermal  process.  ^  Adiabatic  compres- 
sion results  in  a  high  internal  energy  level 
of  the  air  being  discharged  from  the  com- 
pressor. However,  much  of  file  extra  energy 
provided  by  adiabatic  compression  may  be  dis- 
sipated by  heat  losses,  since  compressed  air  is 
usually  held  in  an  uninsulated  receiver  untU  it  Is 
used.  Isothermal  compression  is,  in  theory,  the 
most  economical  method  of  compressing  air  in 
that  it  requires  the  least  work  to  be  done  on  the 
working  fluid.  However,  the  isothermal  com- 
pression of  air  requires  a  codling  medium  to  re- 
move heat  from  the  compressor  and  its  contained 
air  during  the  compresdion  process.  The  more 
dosd^  Isothermal  compressicm  Is  sqnnroached, 
the  greater  the  cooling  effect  required;  In  a  com- 
pressor of  finite  sise,  then,  we  reach  a  point  at 
which  it  is  no  longer  practicable  to  continue  to 
strive  for  Isothermal  compression. 

hi  actual  practice,  the  process  of  ahr  com- 
pression is  approximately  Isothermal  when  con- 


1  Thermodynamic  processes  are  discussed  inohuoter 
8  of  this  text. 


sidered  from  start  to  finish,  and  approximately 
adiabatic  when  considered  within  any  one  stage 
of  the  compression  process.  In  order  to  achieve 
some  benefits  from  each  t3rpe  of  process  (iso- 
thermal and  adiabatic)  most  air  compressors  are 
designed  with  more  than  one  stage  and  with 
a  cooling  arrangement  after  each  stage.  Multi- 
staging  and  after- stage  cooling  have  the  further 
advantages  of  preventing  the  development  of  ex- 
cessively high  temperatures  in  the  compressor 
and  in  the  accumulator,  reducing  the  horsepower 
requirements,  condensing  some  of  the  entrained 
moisture,  and  increasing  volumetric  efficiency. 

The  general  arrangement  of  a  multistage 
compressed  air  plant  with  after-stage  cooling  is 
illustrated  in  figure  17-1.  This  illustration  shows 
a  reciprocating  air  compressor  with  two  stages; 
however,  the  same  general  arrangement  of  parts 
is  found  in  any  type  of  compressed  air  plant  that 
utilizes  multlstaglng  and  after-stage  cooling. 

The  accumulator  shown  in  figure  1 7- 1  is  fomd 
In  all  compressed  air  plants,  although  the  size  of 
the  unit  varies  according  to  the  needs  of  the  sys- 
tem. The  accumulator  (also  called  a  receiver) 
helps  to  eliminate  pulsations  in  the  discharge  line 
of  the  air  compressor,  acts  as  a  storage  tank 
during  intervals  whenthedemandforair  exceeds 
the  capacity  of  the  compressor,  and  allows  the 
compressor  to  shut  down  during  periods  of  light 
load.  Overall,  the  accumulator  functions  to  re- 
tard increases  and  decreases  in  the  pressure 
of  the  system,  thereby  lengttiening  the  start- 
stop-start  cycle  of  the  compressor. 

COMPRESSOR  CLASSIFICATIONS 

Air  compressors  are  classified  in  various 
ways.  A  compressor  may  be  single  acting  or 
double  acting,  single  stage  or  multistage,  and 
horizontal,  angle,  or  vertical,  as  shown  In  figure 
17*2.  A  compressor  may  be  designed  so  that 
ONLY  one  stage  of  compression  takes  place 
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Figure  17-1.— General  arrangement  of  multistage  compressed  air  plant. 
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within  one  compressing  element,  or  so  that  more 
than  one  stage  takes  place  within  one  compres- 
sing element.  In  general,  compressorsare  clas- 
sified according  to  the  type  of  compressing  ele- 
ment, the  source  of  drivhig  power,  the  method  by 
which  the  driving  unit  is  connected  to  the  com- 
pressor, and  the  pressure  developed. 

TYPES  OF  COMPRESSING  ELEMENTS  .- 
Air  compressor  elements  may  be  of  the  centrif- 
ugal, rotary,  or  reciprocating  types.  The  recip- 
rocating type  is  generally  selectedfor  capacities 
below  1,000  cfm  and  for  pressures  of  100  psi  or 
above,  the  rotary  type  for  capacitiesup to  10,000 
cfm  andfor  pressures  below  100  psi,  and  the  cen- 
trifugal type  for  10,000  cfm  or  greater  capacities 
and  for  up  to  100  psi  pressures. 

Most  of  the  compressors  used  in  the  Navy 
have  reciprocating  elements  (fig.  17-3).  In  this 
type  of  compressor  the  air  is  compressed  In  one 
or  more  cylinders,  very  much  like  the  compres- 
sion which  takes, place  in  an  Internal  combustion 
engine. 

SOURCES  OF  POWER.-Compressors  are 
driven  by  electric  motors.  Internal  combustion 
engines,  steam  turbines,  or  reciprocating  st^am 
engines.  Most  of  the  air  compressors  in  naval 
service  are  driven  by  electric  motors. 

DRIVE  CONNECTIONS.-The  driving  unit 
may  be  connected  to  the  compressor  by  one  of 


several  methods.  When  the  compressor  and  the  \ 
driving  tmit  are  mounted  x)n  the  same  shaft,  they  ^ 
are  close  coupled.  Close  coupling  is  often  used 
for  small  capacity  compressors  that  are  driven 
by  electric  motors.  Flexible  couplings  are  used 
to  Join  the  driving  unit  to  ttie  compressor  where 
the  speed  of  the  compressor  and  the  speed  of  the  i 
driving  unit  can  be  the  same. 

V-belt  drives  are  commonly  used  with  small, 
low  pressure,  motor-driven  compressors,  and 
with  some  medium  pressure  compressors.  In  a 
few  installations,  a  rigid  coupling  is  used  be-  I 
tween  the  compressor  and  the  electric  motor  of  | 
a  motor-driven  compressor.  In  a  steam  turbine ; 
drive,  compressors  are  usually  driven  through ; 
reduction  gears.  ] 

i 

PRESSURE  CLASSIFICATION.-In  accord- 1 
ance  with  General  Specifications  for  Ships  of  the  j 
United  States  Navy,  compressors  are  classified 
as  low  pressure,  medium  pressure,  or  high  pres- 1 
sure.  Low  pressure  compressors  aire  those 
which  have  a  discharge  pressure  of  150  psi  or 
less.  Medium  pressure  compressors  are  those 
which  have  a  discharge  pressure  of  151  psi  to 
1,000  psi.  Compressors  which  have  a  disdiarge 
pressure  above  1,000  psi  are  classified  as  hig^ 
pressure. 

Most  low  pressure  air  compressors  are  of 
the  twoj-stage  type  wltti  either  a  vertical  V  (see 
fig.  17f-3)  or  a  vertical  W  arrangement  of 
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Figure  17-2.-Type8  of  air  compressors:  A.  Vertical.  B.  Horlaontal.  C.  Angle. 

D.  Duplex.  E.  Multistage. 
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cylinders.  Two-stage,  V-type  low  pressure  com- 
pressors usually  have  one  cylinder  for  the  first 
(lower  pressure)  stage  of  compression,  and  one 
cylinder  for  the  second  (higher  pressure)  stage 
of  compression.  W-type  compressors  have  two 
cylinders  for  the  first  stage  of  compression,  and 


one  cylinder  for  the  second  stage.  This  arrange- 
ment is  shown  in  the  two-stage,  three- cylinder, 
radial  arrangement  in  part  A  of  fig.  17-4. 

Compressors  may  be  classified  according  to 
a  number  of  other  design  features  or  operating 
characteristics. 


47.152 

Figure  17-3.-Reciprocatlng  air  compressor  (vertical  V,  two  stage,  single-acting, 

low  pressure), 
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RECIPROCATING  AIR  COMPRESSORS  Operating  Cycle 


Reciprocating  air  compressors  are  suffl* 
dently  similar  in  design  and  operation  so  that 
the  following  discussion  applies  in  large  part  to 
all  reciprocating  compressors  now  in  naval  use. 

Medium  pressure  air  compressors  are  of  the 
two^stage,  vertical,  duplex,  single-acting  type. 
Many  medium  pressure  compressors  have  dif* 
ferentlal  pistons;  this  type  of  piston  has  more 
than  one  stage  of  compression  during  each  stroke 
of  the  piston.  (See  fig.  17»4|  A.) 

Modem  air  compressors  are  generally 
motor-driven  (direct  or  geared),  llqyld*cooled, 
four-stage,  single-acting  units  with  vertical  or 
horizontal  cylinders.  Cylinder  arrangements  for 
high  pressure  air  compressors  Installed  on  Navy 
ships  are  illustrated  in  part  B  of  figure  17*4. 
Small  capacity  high  pressure  air  systems  may 
have  three-stage  compressors.  Large  cs^acity, 
high  pressure,  air  systems  may  be  equipped  with 
five-  or  six-stage  compressors. 


Let  us  consider  first  the  operating  cycle  that 
occurs  during  one  stage  of  compression  in 
a  single-acting  reciprocating  air  compressor 
such  as  the  one  shown  in  figure  17-3.  The  oper- 
ating cycle  consists  of  two  strokes  of  thepiston: 
a  suction  stroke  and  a  compression  stroke. 

The  suction  stroke  begins  when  the  piston 
moves  away  from  top  dead  center  (TDC).  The  air 
under  pressure  in  theclearance8pace(abovethe 
piston)  esqpands  rapidly  until  the  pressure  falls 
below  the  pressure  onttie  opposite  side  of  the  air 
inlet  valve.  At  this  point  the  difference  in  pres- 
sure causes  the  inlet  valve  to  open  and  air  is  ad- 
mitted to  the  cylinder.  Air  continues  to  flow  into 
the  cylinder  until  the  piston  reaches  bottom  dead 
center  (BDC). 

The  compression  stroke  starts  as  the  piston 
moves  away  from  BDC  and  compression  of  the 
air  begins.  When  the  pressure  in  the  cylinder 
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Figure  17-4«— Air  compressor  cylinder  arrangements.  A.  Low  and  medium  pressure 
cylinders.  B.  High  pressure  cylinders. 
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equals  the  pressure  on  the  opposite  side  of  the 
air  Inlet  valve,  the  Inlet  valve  closes.  Air  Is  In* 
creaslngly  compressed  as  the  piston  moves 
toward  TDC;  the  pressure  In  the  cylinder  finally 
becomes  great  enough  to  force  the  discharge 
valve  open  against  the  discharge  line  pressure 
and  the  pressure  of  thevalve  springs.  During  the 
balance  of  the  compression  stroke,  the  air  which 
has  been  compressed  In  the  cylinder  Is  dls* 
charged,  at  almost  constant  pressure,  through 
the  open  discharge  valve. 

The  basic  operating  cycle  Just  described  Is 
repeated  a  number  of  times  In  double  acting 
compressors  and  In  other  stages  of  multistage 
compressors.  In  a  doiible-actlng  compressor, 
each  stroke  of  the  piston  Is  a  suction  stroke  In 
relation  to  one  end  of  the  cylinder  and  a  com- 
pression stroke  In  relation  to  the  other  end  of 
the  cylinder.  In  a  double  acting  compressor, 
therefore,  two  basic  compression  cycles  are- 
always  In  process  when  the  compressor  Is  oper* 
atlng;  but  each  cycle,  considered  separately.  Is 
simply  one  suction  stroke  and  one  compression 
stroke. 

In  multistage  compressors,  the  basic  com* 
presslon  cycle  must  occur  at  least  once  for  each 
stage  of  compression.  Tt  the  compressor  Is  de- 
signed with  two  compressing  elements  for  the 
first  (low  pressure)  stage,  two  compression 
cycles  win  be  In  process  In  the  first  stage  at  the 
same  time.  If  the  compresijor  Is  designed  so  that 
two  stages  of  compression  occur  at  the  same  time 
In  one  compressing  element,  the  two  basic  cycles 
(one  fpr  each  stage)  will  occur  at  the  same  time. 

compressor  Components 

A  reciprocating  air  compressor  consists  of 
a  compressor  element,  a  lubrication  system,  a 
cooling  system,  a  control  system,  and  an  unload- 
ing system.  In  addition  to  these  basic  com- 
ponents, the  compressor  has  a  system  of  con- 
necting rods,  crankshaft,  and  flywheel  for 
transmitting  the  power  developed  by  the  driving 
unit  to  the  air  cylinder  pistons. 

COMPRESSING  ELEMENT.--Tho  compres- 
sing element  of  a  reciprocating  air  compressor 
consists  of  the  air  valves,  the  cylinder,  and  the 
piston. 

The  valves  of  modem  compressors  are  of  the 
automatic  type.  The  opening  and  closing  of  these 
valves  is  caused  solelyby  the  difference  between 
the  pressure  of  the  air  in  the  cylinder  and  the 
pressure  of  the  external  air  on  the  Intake  valve 


-! 

i 

or  the  pressure  of  the  discharged  alv  on  the  dls-  i 

charge  valve.  On  most  compressors,  a  tiiln plate,  | 

low  lift  type  of  valve  is  used.  A  valve  of  this  type  ' 

is  shown  In  figure  17-5.  1 

The  design  of  pistons  and  cylinders  depends  | 

primarily  upon  the  number  of  s^es  of  compres-  / 
sion  which  take  place  within  a  cylinder.  Common 

arrangements  of  pistons  and  cylinders  are  shown  \ 
in  a  previous  illustration  (fig*  17-2). 

Two  types  of  pistons  are  in  common  use.  ' 

Trunk  pistons  (fig.  17-6)  are  driven  directly  by  : 

the  connecting  rods.  Since  the  upper  end  of  a  con  -  i 

nectlng  rod  is  fitted  directly  to  the  piston  wHsi  j 

pin,  there  is  a  tendency  for  a  piston  to  develop  a  | 

side  pressure  against  the  cylinderwalls.  To  dls-  | 

tribute  the  side  pressure  over  a  wide  area  of  the  I 

cylinder  walls  or  liners,  trunk  pistons  with  long  ! 

skirts  areused.  Thlstype  of  piston  tends  to  elim-*  / 

inate  cylinder  wall  wear.  Differential  piston./  j 

(fig.  17-7)  are  modified  trunk  pistons  having  two  ! 

or  more  different  diameters.  Tbese  pistons  are  ! 

.fitted  into  special  cylinders  Vakh  are  arranged  j 

so  that  more  than  one  sta^f'*;  at  compression  is  ; 
served  by  one  piston.  The  cotr^prei^fiilon  for  one 

stage  takes  place  over  the  piston  crov#n;  com-  ! 

presslon  for  the  other  stage  or  stages  takes  pi  uce  | 
In  the  annular  space  between  the  large  and  small 

diameters  of  the  piston.  > 

LUBRICATION  SYSTEM.-Lubrication  of  air  ^ 
compressor  cylinders  is  generally  accomplished  I 
by  means  of  a  mechanical  force-feed  lubricator  - 
which  is  driven  from  a  reciprocating  or  a  rotary  i 
part  of  the  compressor.  Oil  is  fed  from  the  lu-  | 
bricator  through  a  separate  feed  line  to  each  cyl-  | 
inder.  A  check  valve  is  installed  at  the  end  i 
of  each  feed  line  to  keep  the  compressed  air  from  I 
forcing  the  lube  oil  back  to  the  lubricator.  Each  | 
feed  line  is  eqMlpped  with  a  sight  glass.  Lubri-  i 
cation  begins  automatically  as  the  compressor  : 
starts  up.  The  amount  of  oil  that  must  be  fed  to  | 
the  cylinders  depends  upon  the  cylinder  diame-  ! 
ter,  the  cylinder  wall  temperature,  and  the  vis-  ; 
cosity  of  the  oil. 

On  small  low  pressure  and  medium  pressure  ! 
compressors,  the  cylinders  may  be  lubricated  by 
the  splash  method,  from  dippers  on  the  ends  of  ! 
the  connecting  rods,  instead  of  by  a  mechanical  ' 
force-feed  lubricator. 

Lubrication  of  the  running  gear  of  most  com- 
pressors is  accomplished  by  a  lube  oil  pump 
(usually  of  the  gear  tjrpe)  which  is  attached  to  the  ! 
compressor  and  driven  from  the  compressor 
shaft.  This  pump  draws  oil  from  the  reservoir, 
as  shown  in  figure  17-8,  and  delivers  it,  through 
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Figure  Diagram  of  a  thin  plate  air  compressor  valve. 
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e  filter,  to  an  oil  cooler.  From  the  cooler,  the 
oil  is  distributed  to  thetopof  each  main  bearing, 
to  spray  nozzles  for  reduction  gear^,  andtoout- 
bovxd  bearings.  The  crankshaft  is  drilled  so  that 
oil  fed  to  the  main  bearings  is  picked  up  at  the 
main  bearing  joumaks  and  carried  to  the  crank 
pin  Journals.  The  connecting  roiis  contain  pas- 
sages which  conduct  lubricating  oil  from  the 
crank  pin  bearings  up  to  the  wrist  pin  bushings. 
As  oil  leaks  out  from  the  various  bearings,  it 
drips  back  to  the  reservoir  in  the  bate  of 
the  compressor  and  Is  recirculated.  Oil  from  the 
outboard  bearings  is  carried  back  to  the  base  >y 
the  drain  lines. 

The  discharge  pressure  of  lubricating  oil 
pumps  varies,  depending  upon  the  pump  design.  A 
relief  valve  fitted  to  each  pumpfunctions  whei;:  the 
discharge  pressure  exceeds  the  pressure  t'^^r 
the  valve  is  set.  When  the  relief  valve  opens,  ex* 
cess  oil  is  returned  to  the  redervoir. 

COOLING  SYSTEM.— Most  compressors  are 
cooled  by  sea  water  supplied  from  the  chip's  fire 


and  flushing  system.  The  cooling  water  in  usually 
available  to  each  ijuiit  through  at  least  two 
sources.  Compressors  located  outside  the  larger 
machinery  spaces  arr  generally  equipped  with  an 
attached  circulating  water  pump  as  a  standby 
source  of  cooling  water.  Some  small  low  pres- 
sure compressors  are  air  cooled  by  a  fan 
mounted  on  ov  driven  by  a  compressor  shaft. 

The  path  of  water  in  the  :K)ling  water  system 
lor  a  four- stage  compresses  is  shown  in  figure 
17-9.  The  flow  paths  9re  not  identical  in  all 
cooling  water  systems,  but  in  all  systems  it  is 
Important  that  the  coldest  water  be  available  for 
cixcuLation  through  the  oil  cooler.  Valves  are 
usually  pre  vided  sc  t^at  Ihe  flow  of  water  to  the 
coolei  can  be  controlled  independently  of  the  rest 
of  the  sy^em.  Thus  the  oil  temperature  can  be 
controlled  without  affecting  other  parts  of  the 
compressor.  Cooling  water  is  then  supplied  to  the 
intercoolers  and  the  aftercooler  and  then  to  the 
cylinder  jackets  and  heads.  A  high  pressure  air 
compressor  may  require  from  6  to  25  gallons  of 
cooling  water  per  minute,  while  a  medium 
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Figure  17-6.-Trunk  Piston. 

pressure  air  compressor  may  require  from  10 
to  20  gallons  per  minute. 

As  previously  noted,  cooling  of  the  air  Is  re- 
(julred  for  most  economical  compression. 
Another  reasonfor  cooling  the  air  between  stages 
and  after  the  last  stage  Is  to  condense  any  mois- 
ture that  may  be  present.  The  resulting  conden- 
sate Is  then  drained  off.  Jt  the  moisture  Is  not 
removed  from  the  air,  It  will  be  carried  Into  the 
accumulator  or  Into  the  air  lines,  where  It  can 
cause  serious  trouble. 

The  intercoolers  used  between  stages  and  the 
aftercooler  used  after  the  last  stage  are  of  the 
same  general  construction  except  thaittheafter- 
co(fler  Is  designed  to  withstand  a  higher  working 
pressure  than  the  Intercoolers.  water-cooled 
coolers  may  be  of  the  straight  shell- and-tube 
type  or  of  the  coil  type.  Li  coolers  designed  for 
air  pressures  below  250pslg,  the  air  flows  either 
through  the  tubes  or  over  and  around  them;  in 
coolers  designed  for  air  pressures  above  250 
pslg,  the  air  flows  through  the  tubes,  fostralght- 
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Figure  17-7.-Dl£ferential  Piston. 

tube  coolers,  bafnesareprovlded  to  guide  the  air 
and  water.  In  coll  type  coolers,  the  air  passes 
through  the  coll  and  the  water  flows  around  the 
outside.  Air-cooled  coolers  may  be  of  the  radia- 
tor type  or  may  consist  of  abankof  finned  copper 
tubes  located  in  the  path  of  a  blast  of  air  supplied 
by  the  compressor  fan. 

Both  Intercoolers  and  aftercoolers  arefitted 
with  moisture  separators  on  the  discharge  side 
to  remove  moisture  (and  also  any  oil  that  may  be 
present)  from  the  air  stream.  Various  designs 
of  moisture  separators  are  in  use;  the  removal 
of  liquid  may  be  accomplished  by  centrifugal 
force.  Impact,  or  sudden  changes  in  the  velocity 
of  the  air  stream. 

CONTROL  SYSTEM.-The  control  system  of 
^jreclprocatlng  air  compressor  may  Include  one 
or  more  devices  such  as  automatic  temperature 
shutdown  devices,  start- stop  controls,  constant- 
speed  controls,  and  speed-pressure  governors. 
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CYLINDEj 


FIRST  STAGE 
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TO  OIL  SPRAY  FOR 
TURBINE  PINION 


OIL  TO  TURBINE' 
PINION  BEARING 


Figure  17-8.-Lubrication  system  for  turbine-driven  highpressure  air  compressor. 
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Automatic  temperature  shutdown  devices  are 
fitted  to  all  recent  designs  of  high  pressure  air 
compressors.  Such  a  device  stops  the  com- 
pressor automatically  (and  does  not  allow  it  to 
restart  automatically)  when  the  cooling  water 
temperature  rises  above  a  safe  limit.  Some  com- 
pressors are  fitted  with  a  device  that  shuts  down 
the  compressor  if  the  temperature  of  the  air 
leaving  any  stage  exceeds  a  preset  value. 

Control  or  regulating  systems  fornaval  air 
compressors  are  mainly  of  the  start-stop  type. 
With  this  type  of  control,  the  compressor  starts 
and  stops  automatically  as  the  aiccumulator  pres- 
sure rises  or  falls  to  predetermined  limits.  On 
electrically  driven  compressors,  the  system  is 
very  simple:  the  accumulator  pressure  operates 
against  a  pressure  switch  that  opens  when  the 
pressure  upon  it  riches  a  given  limit  and 
closes  when  the  pressure  drops  a  predetermined 
amount.  On  *  steam-dHven  compressors,  the 


accumulator  pressure  is  piped  to  a  control 
valve  (also  called  a  pilot,  trigger,  or  aux- 
iliary valve)  which,  when  the  designed  cutoff 
pressure  is  reached,  admits  air  to  a  plunger 
connected  with  the  turbine  governor  valve. 
This  causes  steam  to  be  shut  off  and  the 
compressor  to  stop.  When  the  pressure  falls 
to  a  predetermined  level,  the  control  valve 
closes  and  the  air  acting  upon  the  plunger 
is  released  by  leakage  or  bleeding  to  at- 
mosphere. The  steam  is  thereby  permitted 
to  flow  through  the  governor  valve  and  re- 
start the  turbine. 

Constant-speed  control  is  a  method  of  con- 
trolling the  pressure  in  the  air  accumulator  by 
controlling  the  output  of  the  compressor  without 
stopping  or  chsmglng  the  spefd  of  the  unit.  This 
type  of  control  is  used  on  compr^sors  that  have 
a  fairly  constant  demand  for  air,  w^ere  frequent 
stopping  and  starting  Is  tindesirable. 
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Figure  17-9.— Cooling  water  system  for  multistage  air  compressor. 
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Combined  speed  and  pressure  governors  are 
usually  furnished  for  compressors  which  are 
driven  by  reciprocating  steam  engines.  Neither 
the  start- stop  nor  the  constant- speed  control  Is 
entirely  satisfactory  for  this  type  of  compressor. 

UNLOADING  SYSTEM.-Alr  compressor  un- 
loading systems  are  installed  for  the  removal  of 
all  but  the  friction  loads  on  the  compressors.  An 
unloading  system  automatically  removes  the 
compression  load  from  the  compressor  while  the 
unit  Is  starting  and  fiutomaticallyapplles  the  load 
after  the  unit  Is  up  to  operating  cqpeed.  For  units 
that  have  the  start-stop  type  of  control,  the  un- 
loading system  is  separate  from  the  control  sys- 
tem. For  compressors  equipped  with  the 
constant-speed  type  of  control/ the  unloading 
system  is  an  integral  part  of  the  contrcfl  system. 

A  number  of  different  unloading  methods  are 
used,  including  closing  or  throttling  the  com- 
pressor intake,  holding  intake  valves  off  their 
seats,  relieving  intercoolers  to  atmosphere, 
opening  a  bypass  from  the  discharge  to  the  intake, 
opening  up  cylinder  clearance  pockets,  using 


miscellaneous  constant-speed  unloading  de- 
vices, and  using  various  combinations  of  these 
methods. 

As  an  example  of  a  typical  compressor  un- 
loading device,  consider  the  MAGNETIC  TYPE 
UNLQADER.  Figure  17-10  Illustrates  the  un- 
loader  valve  arrangement.  This  typeof  unloader 
consists  of  a  solenoid-operated  valve  connected 
with  the  motor  starter.  When  the  compressor  is 
at  rest,  the  solenoid  valve  Isdeenerglzed,  admit- 
ting air  from  the  receiver  to  the  unloading  mech- 
anism. When  the  compressor  approximates  nor- 
mal speed,  the  solenoid  valve  is  energized, 
releasing  the  pressure  from  the  unloading  mech- 
anism and  loading  the  compressor  again. 

ROTARY-CENTRIFUGAL  AIR  COMPRESSORS 

The  one  non- reciprocating  type  of  air  com- 
pressor that  is  found  aboard  ship  is  variously 
referred  toas  a  rotary  compressor,  a  centrifugal 
compressor,  or  a  'aiquld  piston^'  compressor. 
Actually,  the  unit  is  something  of  a  mixture, 
operating  partly  on  rotary  principles  and  partly 
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Figure  17-10.— Magnetic  typeunloader.* 

on  centrifugal  principles;  most  accurately, 
perhaps.  It  might  be  called  a  rotary-centrifugal 
compressor.  " 

The  rotary-centrifugal  compressor  is  used  to 
supply  low  pressure  compressed  air.  Because 
this  compressor  is  capable  of  supplying  air  that 
is  completely  free  of  oil,  it  is  often  used  as  the 
compressor  for  pneumatic  control  systems  and 
for  other  applications  where  oil-free  air  is  re- 
quired. 


The  rotary-centrifugal  compressor,  shown  in 
figure  17-11,  consists  of  a  round,  multi-bladed 
rotor  which  revolves  freely  in  an  elliptical  cas- 
ing. The  elliptical  casing  is  partially  filled  with 
high-purity  water.  The  curved  rotor  blades 
project  radially  from  the  hub.  The  blades,  to- 
gether with  the  side  shrouds,  form  a  series  of 
pockets  or  buckets  around  the  periphery.  The 
rotor,  which  is  keyed  to  the  shaft  of  an  electric 
motor,  revolves  at  a  speed  high  enough  to  throw 
the  liquid  out  from  the  center  by  centrifugal 
force,  resulting  in  a  solid  ring  of  liquid  revolv- 
ing in  the  casing  at  the  same  speed  as  the  rotor 
but  following  the  elliptical  shape  of  the  casing. 
This  action  alternately  forces  the  liquid  to  enter 
and  recede  from  the  buckets  in  the  rotor  at  high 
velocity. 

To  follow  through  a  complete  cycle  of  oper«> 
ation,  let  us  start  at  point  A.  The  chamber  (1)  is 
full  of  liquid.  The  liquid,  because  of  centrifugal 
force,  follows  the  casing,  withdraws  from  the 
rotor,  and  pulls  air  in  through  the  inlet  port.  At 
(2)  the  liquid  has  been  thrown  outward  from  the 
chan^ber  in  the  rotor  and  has  been  replaced  with 
atmospheric  air.  As  the  rotation  continues,  the 
converging  wall  (3)  ofthecasingforces  the  liquid 
back  into  the  rotor  chamber,  compressing  the 
trapped  air  and  forcing  it  out  through  the 
discharge  port.  The  rotor  chamber  (4)  is  now  full 
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Figure  17-11.— Rotary-centrifugal  compressor. 
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Figure  17-12.-Malntenance  Index  Page. 
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of  liquid  and  ready  to  repeat  the  cycle  which  takes 
place  twice  in  each  revolution. 

A  small  amount  of  seal  water  must  be  con- 
stantly supplied  to  the  compressor  to  make  up 
for  that  which  is  carried  over  with  the  compres- 
sed air.  The  water  which  is  carried  over  with 
the  compressed  air  is  removed  in  a  refrigera- 
tion-type  dehydrator. 


AIR  COMPRESSOR  MAINTENANCE 

Minimum  requirements  for  the  performance 
of  inspections  and  maintenance  on  high  pressure 
air  plants  are  shown  on  the  maintenance  index 
page  figure  17-12. 

It  is  the  responsibility  of  the  engineer  offi- 
cer to  determine  if  the  condition  of  the  equip- 
ment, hours  of  service,  or  operating  conditions 
necessitate  more  frequent  inspections  and  tests. 
Details  for  outline  tests  and  inspections  may  be 
obtained  from  the  appropriate  manufacturer's 
instruction  book  or  from  the  Naval  Ships  Tech- 
nlcal  Manual. 


SAFETY  PRECAUTIONS 

There  are  many  hazards  associated  with  the 
process  of  air  compression.  Serious  escplosions 
have  occurred  in  high  pressure  air  systems 


because  of  a  diesel  effect.  2  ignition  tempera- 
tures may  result  from  rapid  pressurization 
of  a  low  pressure  dead  end  portion  of  the 
piping  system,  malfunctioning  of  compressor 
aftercoolers,  leaky  or  dirty  valves,  and  many 
other  causes*  Every  precaution  must  be  taken  to 
have  only  dean,  dryairatthe  compressor  inlet. 

Air  compressor  accidents  have  also  been 
caused  by  improper  maintenance  procedures 
such  as  disconnecting  parts  while  they  are 
under  pressure,  replacing  parts  with  units 
designed  for  lower  pressures,  and  installing 
stop  valves  or  check  valves  in  improper  lo- 
cations. Improper  operating  procedures  have 
also  caused  air  compressor  accidents,  with 
resulting  serious  injury  to  personnel  and 
damage  to  equipment. 

In  order  to  minimize  the  hazards  inherent 
in  the  process  of  compression  and  in  the  use 
of  compressed  air,  all  safety  precautions 
outlined  in  the  manufacturers'  technical  ma- 
nual and  in  the  Naval  Ships  Technical  Ma- 
nual must  be  strictly  observed. 


^  A  diesel  engine  operates  bytaklnginair,  compress- 
ing it,  and  then  injecting  fuel  into  the  cylinders,  where 
the  fuel  is  ignited  the  heat  of  compression.  The 
same  effect  (normally  called  the  diesel  effect)  can 
occur  in  hydropneumatio  machinery  and  in  air,  oxygen, 
or  other  gas  systems,  if  even  a  very  small  amount  of 
**fuel"«-a  smear  of  oil,  for  example,  or  a  single  cotton 
thread— is  present  to  be  ignited  by  the  heat  of 
compression. 
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CHAPTER  18 


DISTILLING  PLANTS 


Naval  Ships  must  be  self- sustaining  as  far 
as  the  production  of  fresh  water  Is  concerned. 
The  large  quantities  of  fresh  water  required 
aboard  ship  for  boiler  feed,  drinking,  cooking, 
bathing,  and  washing  make  It  Impracticable  to 
provide  storage  tanks  large  enough  for  more  than 
a  few  days'  supply.  Therefore,  all  naval  ships 
depend  upon  distilling  plants  to  meet  the  require- 
ments for  large  qqantltles  of  fresh  water  of  ex- 
tremely high  chemical  and  biological  purity. 

PRINCIi'LES  OF  DISTILLATION 

All  shipboard  distilling  plants  not  only  per- 
form the  same  basic  function  but  also  perform 
this  function  In  much  the  same  way.  The^dlstll- 
latlon  process  consists  of  heating  sea  water  to 
the  boiling  point  and  condensing  the  vapor 
to  obtain  fresh  water  (distillate).  The  distilla- 
tion process  for  a  shipboard  plant  Is  Illustrated 
very  simply  In  figure  18-1* 

At  a  given  pressure,  the  rate  at  which  sea 
water  Is  evaporated  In  a  distilling  plant  Is 


SEA  WATER 

BRINE 

HEAT  SOURCE 

dependent  upon  the  rate  at  which  heat  Is  trans- 
mitted to  the  water.  The  rate  of  heattransfer  to 
the  water  Is  dependent  upon  a  number  of  factors; 
of  major  Importance  are  the  temperature  differ- 
ence between  the  substance  giving  iqpheat  and  the 
substance  receiving  heat,  the  available  surface 
area  through  which  heat  may  flow,  and  the  coef- 
ficient of  heat  transfer  of  the  substances  and  ma- 
terials Involved  In  the  various  heat  exchangers 
that  constitute  the  distilling  plant.  Additional 
factors  such  as  the  velocity  of  flow  of  the  fluids 
and  the  cleanliness  of  the  heat  transfer  surfaces 
also  have  a  marked  effect  upon  heat  transfer  In 
a  distilling  plant. 

Since  a  shipboard  distilling  plant  consists  of 
a  number  of  heat  exchangers,  each  serving  one 
or  more  specified  purposes,  the  plant  as  a  whole 
provides  an  excellent  Illustration  of  many 
thermodynamic  processes  and  concepts.  Prac- 
tical manifestations  of  heat  transfer— Including 
heating,  cooling,  and  change  of  phase— abound  In 
the  distilling  plant,  and  the  significance  of  the 
pressure-temperature  relationships  of  liquids 
and  their  vapors  is  clearly  evident.  ^ 

The  sea  water  which  is  the  raw  material  of 
the  distilling  plant  is  a  water  solution  of  various 
minerals  and  salts.  In  addition  to  the  dissolved 
material,  sea  water  also  contains  suspended 
matter  such  as  vegetable  and  animal  grovrths  and 
bacteria  and  other  micro-organisms.  Under 
proper  operating  conditions,  naval  distilling 
plants  are  capableof  producing  freshwater  which 
contains  only  minute  traces  of  the  chemical  and 
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Figure  18-1.— Simplified  diagram  of  shipboard 
distillation  process. 


Much  of  the  information  given  in  ch^ter  8  of  this 
text  has  direct  and  immediate  application  to  the  study 
of  distilling  plants.  Applicable  portions  of  oh!^)ter  8 
should  be  reviewed,  if  necessary,  as  a  basis  for  the 
study  of  distilUng  plants. 


450 


457 


Chapter  18,  -DISTILLING  PLANT 


biological  contaminants  which  are  found  natu- 
rally in  sea  water.  2 

One  of  the  problems  that  arises  in  the  distil- 
lation of  sea  water  occurs  because  some  of  the 
salts  present  in  sea  water  are  negatively  solu- 
ble—that iS|  they  are  less  soluble  in  hot  water 
than  they  are  in  cold  water.  A  negatively  soluble 
salt  remains  in  solution  M  low  temperatures  but 
precipitates  out  of  solution  at  higher  tempera- 
tures. The  crystalline  precipitation  of  various 
sea  salts  farms  scale  on  heat  transfer  surfaces 
and  thereby  interferes  with  heat  transfer.  In 
naval  distilling  plants,  this  problem  is  partially 
avoided  by  designing  the  plants  to  operate  under 
vacuum  or  (in  the  case  of  one  type  of  plant)  at 
approximately  atmospheric  pressure. 

The  use  of  low  pressures  (and  therefore  low 
boiling  temperatures)  has  the  additional  advan- 
tage of  greater  thermodynamic  efficiency  than 
can  be  achieved  when  higher  pressures  and  tem- 
peratures are  used.  With  low  pressures  and  tem- 
peratures, less  heat  is  required  to  make  the  sea 
water  boil  and  less  heatis  lost  overboard  through 
the  circulating  water  that  cools  and  condenses  the 
vapor. 

DEFIN1TK>N  OF  TERMS 

The  manner  in  whichthevarious  kinds  of  dis- 
tilling plants  accomplish  the  distilling  process 
can  best  be  understood  if  we  first  become  famil- 
iar with  certain  terms  relating  to  the  process. 
The  terms  defined  here  relate  basically  to  all 
types  of  distilling  plants  now  in  naval  use.  Ad- 
ditional terms  that  apply  specifically  to  a  par- 
ticular type  of  distilling  unit  are  defined  as 
necessary  in  subsequent  discussion. 

Distillation.— The  process  of  boiling  sea 
water  and  then  cooling  and  condensing  the  result- 
ing vapor  to  produce  fresh  water.  . 

Evaporation.— The  first  partof  the  process  of 
distillation.  Evaporation  is  the  process  of  boiling 
sea  water  in  order  to  separate  it  into  fresh  water 
vapor  and  brine. 


Condensation."- The  latter  partof  the  process 
of  distillation.  Condensation  is  the  process  of 
cooling  the  vapor  to  produce  usable  fresh  water. 

Feed.— The  sea  water  which  is  the  raw  ma- 
terial in  the  distillation  process. 

Vapor.— The  product  of  the  evaporation  of  sea 
water.  The  terms  vapor  and  fresh  >vater  vapor 
are  used  interchangeably. 

Distillate.— The  product  resulting  from  the 
condensation  of  the  fresh  water  vapor  produced 
by  the  evaporation  of  sea  water.  Distillate  is  also 
referred  to  as  condensate,  as  fresh  water,  as 
fresh  water  condensate,  and  as  sea  water  distil- 
late. However,  the  use  of  the  term  conaensate 
should  be  avoided  whenever  there  is  any  possibil- 
ity of  confusion  between  the  condensate  of  the 
distilling  plant  and  the  condensate  that  results 
from  the  condensation  of  steam  in  the  main  and 
auxiliary  condensers.  In  general,  it  is  best  to 
use  the  term  distillate  when  referring  to  the 
product  resulting  from  the  condensation  of  vapor 
in  the  distilling  plant. 

Salinity.— The  concentration  of  salt  in  water. 

Brine.— Water  in  which  the  concentration  of 
salt  is  higher  than  it  is  in  sea  water. 

TYPES  OF  DISTILLING  UNITS 

Distilling  units  installed  in  naval  ships  are 
of  two  general  types.  The  vaporcompression  type 
of  unit  is  used  aboard  submarines  and  small 
diesel-driven  surface  craft  where  the  daily  re- 
quirements do  not  exceed  4000  gallons  per  day 
(gpd).  The  low  pressure  steam  distilling  unit  is 
used  aboard  all  steam-driven  surface  ships  and 
on  nuclear  submarines.  The  major  difference  be- 
tween the  two  types  of  distilling  units  is  in  the 
kind  of  energy  used  to  operate  the  unit.  Vapor 
compression  units  use  electrical  energy;  steam 
distilling  units  use  auxiliary  exhaust  steam. 


2  It  should  be  noted  thatdlstillingplants  are  Mi  effec- 
tive in  removing  volatile  gases  or  liquids  which  have 
a  lower  boiling  point  than  water,  nor  are  they  effective 
in  killing  all  mioro-organisma.  These  points  are  of 
particular  importance  when  a  ship  is  operating  in  con- 
taminated or  polluted  waters,  as  discussed  at  the  end 
of  this  ohiqpter. 


VAPOR  COMPRESSK)N  DKITILLING  UNITS 

A  vapor  compression  distilling  unit  is  shown 
in  cutaway  view  in  figure  18- 2 and  schematically 
in  figure  18-3.  The  unit  consists  of  three  main 
components— the  evapoiagttori  the  compressori 
and  the  heat  exchanger— and  a  number  of  acces- 
sories and  auxiliaries. 
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Figure  18-2.-Cutaway  view  of  vapor  compression  distilling  plant. 
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ERIC 


EVAPORATOR.-The  cylindrical  shell  In 
which  vaporization  and  condensation  occur  is 
commonly  called  the  evaporator.  The  evaporator 
consists  of  two  principal  elements:  the  steam 
chest  and  the  vapor  separator. 

The  steam  chest^  includes  all  space  within 
the  evaporator  shell  except  the  ispace  that  is  oc- 
cupied by  the  vapor  separator.  The  steam  chest 
is  considered  to  have  an  ev8M)orating  side  and  a 
condensing  side.  The  evaporating  side  includes 
the  space  within  the  tubes  of  the  tube  bundle 
(which  is  located  in  the  lower  part  of  the  evapo- 
rator shell)  and  the  space  which  communicates 
with  the  inside  of  the  tubes.  The  condensing  side 
includes  the  space  which  surrounds  the  external 
surfaces  of  the  tubes;  this  space  communicates 
with  the  discharge  side  of  the  compressor  by 
means  of  a  pipe,  as  shown  in  figure  18-3. 

The  tube  bundle  is  enclosed  in  a  shell.  At 
top  and  bottom  of  the  bundle  the  tube  ends  are 
expanded  into  tiibe  sheets.  Most  of  the  tubes  are 
small;  but  a  few,  set  near  the  pexiphery, 
are  larger.  Each  of  the  larger  tubes  contains  an 
electric  heater.  As  the  sea  water  feed  flews 
through  thet^o  larger  tubes,  it  is  heated  to  the 
boiling  point  by  the  heaters. 

The  feed  inlet  pipe  extends  horizontally  to  the 
center  of  the  evaporator,  where  it  branches  into 
a  Y.  The  two  ends  of  the  feed  pipe  turn  downward 
into  the  downtake,  as  shown  in  figure  18-?.  Sea 
water  feed  enters  the  evaporator  through  the 
horizontal  inlet  pipe,  pours  into  the  downtake,  and 
passes  down  to  the  bottom  head  of  the  evaporator 
shell;  from  there,  the  feed  flows  upward  through 
the  tubes. 

A  funnel  is  installed  inside  the  downtake,  at 
the  top.  The  top  of  the  funnel  is  about  2  inches 
above  the  top  of  the  evaporator  tubes,  and  the 
brine  level  In  the  evaporator  shell  is  thus  main- 
tained at  this  height.  About  one-half  to  two- 
thirds  of  the  feed  is  vaporized;  the  remaining 
brine  overflows  continuously  into  the  funnel  and 
then  into  the  brine  overflow  tube  which  is 
installed  inside  the  downtake.  The  overflow  tube 
leads  the  brine  out  through  the  bottom  of 
the  evaporator  shell,  to  the  heat  exchanger.  In 
the  heat  exchanger,  the  brine  gives  up  its  heat  and 
raises  the  temperature  of  the  incomingfeed. 

The  vapor  separator  is  an  internal  compart- 
ment located  at  the  top  of  the  evaporator  shell. 


3  "Steam  chest"  is  a  somewhat  misleading  term  for  a 
unit  which  is  not  operated  by  steam  and  which  has  no 
steam  coming  into  itfromanexternal  source.  Although 
called  a  steam  cheat,  it  might  more  accurately  be 
thought  of  as  a  'Vapor  chest." 


The  separator  consists  of  two  cylindrical  baf- 
fles. One  cylinder  extends  downward  from  the 
upper  head  plate  of  the  evaporator;  theother  ex- 
tends upward,  and  is  fitted  around theupper  cyl- 
inder to  form  a  baffle.  Thefloor  of  the  separator 
is  formed  by  the  bottom  of  theouter  cylinder.  The 
space  between  the  two  cylinders  provides  a  pas- 
sage for  the  vapor  flowing  from  the  evaporating 
side  of  the  steam  chest  to  the  suction  side  of  the 
compressor. 

The  vapor  from  the  boiling  sea  water  rises 
up  through  the  space  between  the  shell  wall  and 
the  outer  cylinder  of  the  separator;  itthen  flows 
downward  through  the  space  between  the  cyl- 
inders of  the  separator  and  enters  the  separator 
chamber.  From  the  separator  chamber,  the 
vapor  travels  upward  to  the  intake  side  of  the 
compressor. 

In  the  course  of  this  roundabout  passage 
through  the  vapor  separator,  the  vaporis  separa- 
ted from  any  entrained  particles  of  water.  The 
water  drops  to  the  floor  of  the  separator  and  is 
continuously  drained  away.  This  water  has  a  high 
salt  concentration,  and  must  be  continuously 
drained  in  order  to  keep  it  from  entering 
the  compressor  and  thus  getting  into  thecondens- 
ing  side  of  the  evaporator,  where  it  would 
contaminate  the  distillate. 

VAPOR  COMPRESSOR.-  The  vapor  which 
flows  upward  from  the  separator  is  compressed 
by  a  positive- displacement  compressor.  The 
type  of  compressor  discussed  here  has  two 
three-lobe  rotors  of  the  type  shown  in  the  insert 
on  figure  18-2  andinfigure  18-3.  Two-lobe  com- 
pressors of  the  type  shown  in  the  main  part  of 
figure  18-2  were  an  earlier  design. 

The  two  rotors  are  enclosed  in  a  compact 
housing  which  is  mounted  on  the  evaporator.  The 
three  lobes  on  each  rotoraredesigned  to  produce 
a  continuous  and  uniform  flow  of  vapor.  The  vapor 
enters  the  compressor  housing  atthebottom  and 
then  passes  upward  between  the  inner  and  outer 
walls  of  the  housing  to  the  rotor  chamber,  where 
it  fills  the  space  between  the  rotor  Idbes.  The 
vapor  isthen  carried  around  the  cylindrical  sides 
of  the  housing,  and  apressure  is  developed  at  the 
bottom  as  the  lobes  roll  together.  Clearances  are 
provided  so  that  the  rotor  lobes  do  not  actually 
touch  each  other  and  do  not  touch  the  housing. 

The  shaft  of  one  rotor  is  fitted  with  a  drive 
pulley  on  one  end  and  a  gear  on  the  other  end. 
This  gear  meshes  with  a  gear  on  the  shaft  of  the 
other  rotor,  to  provide  the  necessary  drive  for 
the  second  rotor. 


453 


460 


PRINCIPLES  OF  NAVAL  ENGINEERING 
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Figure  18-3.— Schematic  view  of  vapor  compression  distilling  plant. 
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HEAT  EXCHANGBR.>The  heat  exchanger 
preheats  the  incoming  sea  water  feed  by  two  heat 
exchange  processes.  In  one  process,  the  sea 
water  feed  is  heated  by  the  distillate  which  is 
being  discharged  from  the  distilling  unit  to  the 
ship's  tanks.  In  the  other  process,  the  sea  water 
feed  is  heated  by  the  brhie  overflow  which  is 
being  discharged  overboard  or  to  the  brhie  col- 
lecting tank. 


The  heat  exchanger  is  a  horizontal  double- 
tube  unit.  Either  sea  water  or  brine  flows 
through  the  inner  tubes,  while  distillate  flows 
through  the  space  between  the  inner  and  the  outer 
tubes. 

: —  Figure  18-4  shows  the  constructionof  the  heat 
exchanger  and  also  illustrates  the  flow  paths. 
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Figure  18-4.-Heat  exchanger  tor  a  vapor  compresston  distilling  plant. 


There  are  four  distinct  flow  paths:  feed,  brine 
overflow,  condensate  (distillate),  and  vent. 

ACCESSORIES  AND  AUXIL1ARIES.-A  num- 
ber of  accessories  and  auxiliaries  are  required 
for  the  operation  of  the  vapor  compression  dis- 
tilling unit.  These  Include  feed,  distillate,  and 


brine  overflow  pumps;  feed  regulating  and  flow 
control  valves;  relief  valves;  compressor  bypass 
valves;  rotameters;  and  a  variety  of  pressure  and 
temperature  gages. 

TH2  VAPOR  COMPRESSION  PROCESS.- 
Now  that  the   principal   parts  of  a  vapor 
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compression  unit  have  been  described,  let  us 
summarize  brleHy  the  sequence  of  events  within 
the  unit  and  consider  some  ofthe  factors  that  are 
Important  In  the  vapor  compression  process  of 
distillation. 

The  cold  sea  water  feed  enters  the  heat 
exchanger  and  Is  heated  there  to  about  190° 
or  200  F.  From  the  heat  exchanger,  the  feed 
goes  Into  the  evaporator.  Here  It  flows  down  the 
downtake  and  into  the  bottom  of  the  evaporator 
shell,  then  upward  In  the  tubes.  Boiling  and 
evaporation  take  place  In  the  tubes  at  atmos- 
pheric pressure.  About  one-half  to  two- thirds  of 
the  Incoming  feed  Is  evaporated;  the  remainder 
flows  out  through'  the  brine  overflow,  thus  main- 
talnlng  a  constant  water  level  within  the  evapo- 
rator. 

The  vapor  thus  generated  rises  and  enters  the 
vapor  separator,  where  any  particles  of  moisture 
that  may  be  present  are  separated  from  the  vapor 
and  drained  out  of  the  separator.  The  vapor  goes 
to  the  suction  sldeofthe  compressor.  In  the  com- 
pressor, distilled  water  drlpsonto  the  rotors  and 
thus  desuperheats  the  vaporas  It  Is  compressed. 
The  vapor  Is  compressed  to  a  pressure  of  about 
3  to  5  pounds  above  atmospheric  pressure,  and 
Is  discharged  to  the  space  surrounding  the  tubes 
in  the  steam  chest.  As  the  vapor  condenses  on 
the  outside  of  the  smaUer  tubes,  the  distillate 
drops  down  and  collects  on  the  bottom  tube  plate. 
Every  time  a  pound  of  compressed  vapor  con- 
denses, approximately  a  pound  of  vapor  Is 
formed  In  the  evaporator,  section;  the  compres- 
sor suction  Is  thus  kept  supplied  with  the  right 
amount  of  vapor 

The  distillate  Is  drawn  off  through  a  steam 
trap  and  flows  Into  the  heat  exchanger  at  a  tem- 
perature of  about  aZO""  F.Asltflows  through  the 
heat  exchanger,  the  distillate  gives  upheat  to  the 
Incoming  feed  and  Is  cooled  to  within  about  1 8 F 
of  the  cold  feed  water  temperature.  Nonconcien- 
sable  gases,  together  with  a  small  amount  of 
vapor,  flow  Into  the  vent  llne  andthento  the  heat 
exchanger. 

Meanwhile,  the  sea  water  which  Is  not  vapor- 
ized In  the  evaporator  Is  flowing  continuously  Into 
the  funnel,  down  the  brine  overflow  tube,  and  Into 
the  heat  exchanger.  The  temperature  of  this  brine 
Is  about  214  F.  In  passing  through  the  heat  ex- 
changer, the  hot  brine  raises  the  temperature  of 
the  sea  water  feed  that  Is  entering  through  the 
heat  exchanger. 

The  entire  distillation  cycle  Is  started  by 
using  the  electric  heaters  to  bring  the  sea  water 
feed  temperature  up  to  the  boiling  point  and  to 


generate  enough  vapor  for  compressor  opera- 
tlon.  After  the  cycle  has  been  started  and  the 
compressor  Is  adequately  supplied  with  vapor, 
the  normal  operating  cycle  begins  and  the  elec- 
trie  heaters  are  used  henceforth  only  to  provide 
the  heat  necessary  to  make  up  for  heat  losses. 
After  the  unit  has  become  fully  operational,  then, 
the  heat  Input  from  the  heaters  Is  only  a  small 
part  of  the  total  heat  Input. 

The  major  part  of  the  heat  Input  comes  from 
the  compression  work  that  Is  done  on  the  vapor 
by  the  compressor.  The  major  energy  transfor- 
mations Involved  in  normal  operation  are  thus 
from  electrical  energy  (put  In  at  the  compres- 
sor  motor)  to  mechanical  energy  (work  done  by 
the  compressor  on  the  vapor)  to  thermal  energy. 
The  thermal  energy  thus  supplied  Is  used  to  boll 
the  sea  water  feed  and  keep  the  process  going. 

The  compression  process  serves  another 
vital  function  In  the  vapor  compression  distilling 
unit.  Since  the  boiling  point  of  sea  water  Is  sev- 
eral degrees  higher  than  the  boiling  point  of  fresh 
water  at  any  given  pressure,  the  boiling  sea  water 
In  the  evaporator  Is  actually  above  212 «  F  and 
would  therefore  be  too  hot  to  condense  the  fresh 
water  vapor  If  the  vapor  were  at  the  same  pres- 
sure  as  the  boUlng  sea  water.  By  compressing 
the  vapor,  the  boiling  point  of  the  vapor  Is  raised 
above  the  boiling  point  ofthe  sea  water  at  atmos- 
pherlc  pressure.  Therefore  the  compressed 
vapor  can  be  condensed  on  the  outside  of  the  tubes 
In  which  sea  water  feed  Is  being  boiled.  This 
process  would  not  be  possible  without  the  pres- 
sure difference  between  the  evaporating  side  and 
the  condensing  side  of  the  unit,  and  this  pressure 
difference  Is  created  by  the  compression  of  the 
vapor. 

STEAM  DISTILLING  UNITS 

Steam  distilling  plants  now  In  naval  use  are 
practically  all  of  the  low  pressure  type.  They  are 
"low  pressure''  units  from  two  points  of  view. 
First,  they  utilize  lowpressure  steam  (auxiliary 
exhaust  steam)  as  the  source  of  energy;  and  sec- 
ond, they  operate  at  less  than  atmospheric  pres- 
sure. There  are  three  major  types  of  low 
pressure  steam  distilling  units:  submerged  tube 
units,  flash- type  units,  and  vertical  basket  units. 

Submerged  Tube  Units 

Submerged  tube  distilling  units  range  from 
4000  to  50,000  gallons  per  day  In  capacity.  There 
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are  three  kinds  of  submerged  tube  distilling 
units:  (1)  the  Soloshell  double- effect  unit,  (2)  the 
two-shell  double-effect  unit,  and  (3)  the  xhree- 
shell  triple- effect  unit. 

The  difference  bcVeen  double-effect  units 
and  triple- effect  units  Is  merely  In  the  number 
of  stages  of  evaporation.  Two  stages  of  evapora- 
tion occur  In  a  double- effect  unit,  and  three  In  a 
triple-effect  unit. 

SOLOSHELL  DOUOLE-EFFECT  UNTFS.- 
Most  Soloshell  double-effect  units  have  capac- 
ities of  12,000  gallons  per  day  or  less.  However, 
some  Soloshell  units  of  20,000  gpd  capacity  are 
In  use. 

A  Soloshell  double- effect  unit  Is  shown  sche- 
matically In  figure  18-5  and  In  cutaway  view  In 
figure  18-6.  The  unit  consists  of  a  single  cylin- 
drical shell  which  Is  mounted  with  the  Jong  axis 
in  a  horizontal  position.  A  longitudinal  vertical 
partition  plate  divides  the  shell  into  a  first- effect 
shell  and  a  second-effect  shell.  The  flrsi-effect 
shell  contains  the  first  effect  tube  bundle,  a 
vapor  separator,  and  the  vapor  feed  t)eater.  The 
second-effect  shell  contains  the  second- a<iect 
tube  bundle,  a  vapor  separator,  and  the  distilling 
condenser.  A  distillate  cooler,  not  a  part  of  the 
main  cylindrical  shell.  Is  mounted  at  :uiy  conven- 
ient location,  as  piping  arrangements  permit. 
Another  separate  unit,  the  air  ejector  condenser, 
is  mountedonbracketsontheoutsldeofthe  evap- 
I  orator  shell.  The  air  ejector  takes  suction  on  the 
second-effect  part  of  the  shell,  maintaining  It 
under  a  vacuum  of  approximately  26  inches  of 
mercury.  A  lesser  vacuum-about  16  inches  of 
mercury-is  maintained  in  the  first- effect  shell. 

Steam  for  the  dli^tilling  unit  is  obtained  from 
the  auxiliary  eadiaust  line  through  a  regulating 
valve.  This  valve  is  adjusted  to  maintain  a  con- 
stant steam  pressure  of  1  to  Spslg  in  the  line  be- 
tween the  regulating  valve  and  a  control  orifice. 
The  size  of  the  opening  in  the  control  orifice  de- 
termines the  amount  of  steam  admitted  to  the 
distilling  unit  and  hence  controls  the  ou^ut  of 
distilled  water. 

When  the  steam  pressure  is  reduced  by  the 
regulating  valve,  the  steam  becomes  super- 
heated. Since  superheat  has  the  undesirable  ef- 
fect of  increasing  the  rate  of  scale  formation, 
provision  Is  made  for  desuperheatlng  the  steam. 
This  is  done  by  spraying  hotwater  into  the  steam 
line  between  the  control  orifice  and  the  point 
where  the  steam  enters  the  first-  effect  shell.  The 
hot  water  for  desuperheatlng  the  steam  Is  taken 
from  the  flrst-reffect  drain  pump  discharge. 


After  being  desuperheated,  the  steam  passes 
into  the  first-effect  tube  nept,  where  Itheatsthe 
•  BB*^  water  feed  that  surrounds  the  first-effect 
tubec.  The  sea  wat«3r  bolls,  generating  steam 
which  is  called  vapor  to  distinguish  it  from  the 
steam  which  is  the  external  sourceof energyfor 
the  unit.  The  condensate  that  results  from  the 
condensation  of  the  supply  steam  is  discharged 
by  the  first-  effect  drain  pump  to  the  low  pressure 
drain  system  or  to  the  condensate  system  and  Is 
thus  eventually  used  again  in  the  boiler  feed  sys- 
tem- 

Although  the  vapor  generated  in  the  first- 
effect  shell  is  pure  water  vapor,  it  does  contain 
amaU  particles  of  liquid  feed,  Asthevs^or  rises, 
a  series  cf  baffles  above  the  surface  of  the  water 
begins  the  process  of  separating  the  vapor  and 
the  watei^  particles. 

After  passing  through  the  baffles,  the  vapor 
enters  the  vapor  separator.  As  the  vapor  passes 
around  ^he  hooked  edges  of  the  baffles  and  vanes 
in  the  separator,  it  is  forced  to  change  direction 
several  times;  and  with  each  changeof  direction 
some  water  particles  are  separated  from  the 
vapor.  The  hooked  edges  crap  particles  of  water 
and  drain  them  away,  discharging  them  back  into 
the  feed  at  a  distance  from  the  vapor  separator. 

After  passing  through  the  first-effect  vapor 
separator,  the  vapor  goes  to  the  vapor  tt^ 
heater.  Sea  water  feed  passes  through  the  tubes 
of  the  vapor  teftd  heater,  andpartof  the  vapor  Is 
condensed  as  Itflows  over  the  tubes  of  the  heater. 
This  distllL^ite,  together  with  the  remaining  un- 
condensed  vapor,  goes  tlirough  an  extt^rnal 
crossover  pipe  and  enters  the  tube  nest  of  the 
second-effect  shelL  The  remaining  vapor  Is  now 
condensed  as  Itglvesuptherestof  Its  latent  heat 
to  the  sea  water  feed  In  the  second-effect  shell. 

Since  the  pressure  in  the  second- effect  shell 
is  considerably  less  than  the  pressure  in  the 
first-effect  shell,  the  Introduction  of  the  vapor 
and  the  distillate  from  the  ilrst-effect  Bhell 
causes  the  sea  water  feed  in  the  second-effect 
shell  to  boil  and  vaporize. 

The  vapor  thus  generated  in  the  second-  effect 
shell  passes  through  baffles  Just  above  the  sur- 
face of  the  water  and  then  goes  to  the  second- 
effect  vapor  separator.  From  the  vapor  sepa- 
rator, it  passes  to  the  distilling  condenser.  The 
condensing  tubes  nearest  the  incoming  vapor  are 
utilized  as  a  feed  heating  section;  the  vapor  con- 
denses on  the  outside  of  the  tubes  and  thus  heats 
the  incoming  sea  water  feed  which  Is  circulating 
through  the  tubes.  The  remainder  of  the  vapor  is 
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condensed  in  the  condensing  section  and  Is  dis- 
charged to  the  test  tanks  as  distillate. 

The  first- effect  distillate  which  was  used  In 
the  second-effect  tubes  to  boll  and  vaporize  the 
feed  in  the  second-effect  shell  Is  discharged 
through  the  second- effect  tube  nest  drain  reg- 
ulator and  Is  led  to  the  distilling  condenser  by 
way  of  aflash  chamber.  The  flash  chamber  Is  es- 
sentially a  receptacle  within  which  the  vapor,  lib- 
erated when  the  second-effect  drains  are  reduced 
to  a  pressure  and  temperature  corresponding  to 
the  distilling  condenser  vacuum,  Is  separated 
from  the  condensate  and  directed  to  the  distilling 
condenser.  As  may  be  seen  in  figure  18-6,  the 
flash  chamber  is  located  just  outside  oftbe  sec- 
ond-effect  shell. 

The  distilling  condenser  circulating  water 
pump  takesjsuctlon  from  the  sea  and  discharges 
the  sea  water  through  the  shell  of  the  distillate 
cooler  (which  is  external  to  the  unit)  and  then 
through  the  tubes  of  the  distilling  condenser. 
Some  of  the  cooling  water  is  then  discharged 
overboard;  but  a  portion  (which  is  now  called 
evaporator  feed)  goes  through  the  feed  heating 


FIRST-EFFECT 
SEPARATOR 


section  of  the  distilling  condenser,  through  the 
air  ejector  condenser,  and  through  the 
first-effect  vapor  feed  heater  before  it  is  dis- 
charged to  the  first- effect  shell.  These  paths  of 
the  distilling  condenser  circulating  water  and  the 
evaporator  feed  may  be  traced  in  figure  18-5. 

As  previously  described,  some  of  the  sea 
water  feed  in  the  first- effect  shell  is  boiled  and 
vaporized  by  the  supply  steam.  The  remaining 
portion  becomes  more  dense  and  has  a  higher 
salinity  than  the  original  sea  water  feed;  thiis 
denser,  saltier  water  is  called  brine  to  distin- 
guish it  from  sea  water.  After  a  certain  amount 
of  sea  water  feed  has  been  vaporized  in  the  first- 
effect  sh^U,  the  remaining  brine  is  led  to  the 
second-effect  shell  through  aplpe  that  has  a  man- 
ually controlled  feed  regulating  valve  Installed 
in  it.  When  the  feed  regulating  valve  is  open,  the 
higher  pressure  in  the  first- effect  shell  causes 
the  brine  to  flow  from  the  first- effect  shell  to  the 
second-effect  shell.  After  the  brin  e  has  been  used 
as  feed  to  generate  vapor  in  the  second- effect 
shell,  the  remaining  brine  is  discharged  over- 
board by  the  brine  overboard  discharge  pump. 
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Figure  18r6i--eutaway  vlew^b^  double- effect  distilling  plant. 
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TWO-SHELL  DOUBLE-EFFECT  UNITS.- 
Two-shell  double-elfect  units  of  20,000  gpd  ca- 
pacity are  used  on  some  ships.  A  typlcBl  unit  of 
this  kind  is  shown  in  fipire  18-7.  As  may  be  seen, 
the  unit  consists  of  two  cylindrical  evaporator 
shells,  mounted  horizontally,  with  the  long  axes 
of  the  shells  parallel.  The  first- effect  vapor  feed 
heater  is  built  into  the  upper  part  of  the  first- 
effect  shell.  The  distilling  condenser  and  the  dis- 
tillate cooler  are  built  into  separate  shells,  which 
are  usually  mounted  between  the  two  evaporator 
shells.  The  air  ejector  condenser  is  also  a  sep- 
arate unit,  though  it  is  mounted  on  one  of  the 
shells. 

The  operation  of  the  two-shell  double-effect 
unit  is  almost  precisely  the  same  as  the  opera- 
tion of  the  Soloshell  double- effect  unit.  The  flow 
paths  of  steam,  condenisate,  sea  water,  brine, 
vapor,  and  distillate  may  be  traced  outonfigure 
18-7. 

THREE-SHELL  TRIPLE-EFFECT  UNTTS.- 
Three-sheU  triple- effect  distilling  units  are 
similar  to  the  double- effect  units  previously  dis- 
cussed except  that  the  triple- effect  units  have  an 
Intermediate  evaporating  stage. 

A  triple-effect  distilling  unit  is  shown  sche- 
matically in  figure  18-8.  Although  there  are  sev- 
eral kinds  of  triple-effect  units,  the  general  re- 
lationships shown  in  this  illustratlonholdfor any 
triple-effect  plant. 

A  standard  20,000  gpd  triple-effect  unit  con- 
sists of  three  horizontal  cylindrical  shells,  set 
side  by  side  with  their  axes  K^afalleU  The  first- 
and  second-effect  vapor  feed  heaters  arie  built 
Into  the  front  end  of  the  second- and  third- effect 
evaporator  shells.  The  distiUlxig  :(k^  is 
contained  within  the  third- c^ect  sheU 
ejector  condenser  lind  th^^ 
in  separate  sheUs  aiid^are 
thlrd-efltect'shell.  ;  ^'^'M:/^^^ 

Another  20,PP0  gpd  tripi4r  c^e^^ 
sists  es^mtiaUy  of  three  hori^^ 
together  end  to  end,  with^ei^caliAr^^^ 
between  each  sheU  to  separa 
sej^ators  in  independent:^^ 
the  vaix)r  piping  be^ 
third  effect;  and  ttie'  di^rtUiii^ 
first-  and  sea>nd- effect  yaix>r 
In  separate  shel(^  and  a^^^^ 
at  the  inlet  to  tli^^^  sec^nd^i^fitect  and  third- ^ect 
tube  nests,  respec^^^ 

distiUlng  (^ndehser  and  i^^^  distillate  cooler  are 
built  ta^  a  single  Ishell  and  indepbhdeiitly 
mounted  space>suid 


permit.  The  air  ejector  condenser  is  also  a 
separately  mounted  unit. 

A  standard  30,000  gpd  triple- effect  unit  is 
also  in  use.  This  is  similar  to  the  standard  20,000 
gpd  unit  except  that  the  30, 000  gpd  unit  is  larger. 

There  are  two  types  of  40,000  gpd  triple- 
effect  units  that  may  be  regarded  as  standard, 
since  both  are  widely  used  in  naval  ships.  The 
first  type  uses  the  same  arrangement  as  the 
standard  20,000  gpd  triple- effect  unit  but  has  the 
larger  components  needed  for  the  increased  ca- 
pacity. The  second  type  consists  of  three  hori- 
zontal shells,  usually  mounted  side  by  side,  with 
axes  parallel.  In  this  design,  both  vapor  feed 
heaters  and  distilling  condensers  are  built 
as  three  Independent  units,  each  mounted  sepa- 
rately outside  the  evaporator  shells.  The  air 
ejector  condenser  and  the  distillate  cooler  are 
also  in  independent  shells  and  are  separately 
mounted  outside  the  evaporator  shells. 

Triple-effect  Mlta  operate  in  virtually  the 
same  way  as  the  Soloshell  and  the  two-shell 
double- effect  units  previously  described,  except 
^  that'  ttie  comparable  actions  in  a  triple-  effect  unit 
are  spread  out  through  more  equipment  and 
through  one  more  effect.  In  a  triple- effect  unit, 
the  SQa  water  feed  is  piped  to  the  first  effect 
sheU,  then  to  the  second- effect  shell,  and  then  to 
the  third-effect  shell.  Steam  from  the  auxiliary 
exhaust  line  is  used  to  vaporize  the  feed  in  the 
first-effect  shell;  in  the  second- effect  and  third- 
effect  shi»lls,  the  vapor  is  generated  by  the  heat 
given  up  by  vapor  generated  in  theprevlous  shell. 
In  the  triple-effect  units,  as  in  the  double- effect 
units,  this.sequehce  of  events  is  possible  because 
/  the  vacuum  is  greatest  in  the  shell  of  the  final 
effect  and.  least  in  the  shell  of  the  first  effect. 

Fla!i^- T^^  Units 

Some  recent  ships  are  equipped  with  flash- 
;  distiUing  units.  Although  these  units  differ 
;  ;  som6wb^  the  submerged  tube 

^  '  are  common 

^i  to  botb^^e^.  b  particular,  both  the  flash-type 
%  of  unit  depends  upon 

:  ;jE»^^  (or  ef- 

l  f ects)  to  g^erate  vajior  from  the  sea  water  feed. 
'  Flash-tyjpe  units  consist  of  two  or  more 
stages.  1>o-stage  units  of  12,000  gpd  capacity 
are  installed  on  some  recent  destroyer  type 
iddps.  Five-stage  units  of  50, 000 gpd  ca^^ 
installed  on  some  recent  carriers. 

Each  stage  of  a  fiash-t]rpe  unit  has  a  flash 
V  chamber,  a  feed  box,  a  vapoi^^s 
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distilling  condenser.  A  two-stageorthree-stage 
air  ejector,  a  distillate  cooler,  and  a  feed  water 
heater  are  also  provided.  Feed  water  passes 
through  the  tubes  of  the  distillate  cooler,  the 
stage  distilling  condenser,  and  the  air  ejector 
condenser.  In  each  of  these  heat  exchangers  the 
feed  picks  up  heat.  The  final  heating  Is  done  by 
low  pressure  steam  admitted  to  the  shell  of  the 
feed  water  heater.  From  this  heater  the  feed 
water  enters  the  flrst-stage  feed  box  and  comes 
out  through  orifices  Into  the  Hash  chamber.  As 
the  heated  feed  water  enters  the  chamber,  a  por- 
tion flashes  or  vaporizes  because  the  pressure 
In  the  chamber  is  lower  than  the  saturation  pres* 
sure  corresponding  to  the  temperature  of  the  hot 
feed.  The  vapor  condenses  on  the  tubes  of  the 
first-stage  distilling  condenser.  The  feed  which 
does  not  vaporize  in  the  first  chamber  passes  to 
the  second  chamber.  The  process  is  repeated  in 
each  stage  and  the  b^e  remaining  in  the  last 
stage  is  removed  by  brine  overboard  pump. 
Vapor  formed  in  each  stage  passes  through  a 
vapor  separjitor  and  into  the  stage  distilling  con- 
denser, where  it  is  condensed  into  distillate.  The 
distillate  passes*  through  a  loop  seal  on  its  way 
to  the  distilling  condenser  of  the  next  stage.  The 
distillate  pump  removes  the  distillate  from  the 
last  stage  and  discharges  it  through  the  distillate 
cooler  and  the  solenoid-operated  dump  valve  to 
the  ship's  tanks. 

The  general  arrangement  of  a  two- stage 
flash-type  unit  is  shown  in  figure  18-9;  a  five- 
stage  ^unit  is  shown  in  figure  18-10.  The  major 
circuits  are  shown  in  each  illustration. 

Vertical  Basket  Distilling  Units 

Some  recent  ships  are  equipped  with  vertical 
basket  distilling  units.  A  uiit  of  this  type  is  shown 
in  figure  18-11.  The  unit  shown  has  two  effects; 
however,  some  units  of  thistype  havemorethan 
two  effects.* 

The  vertical  basket  unit  consists  of  two  or 
more  evaporators,  a  distiller  condenser,  vapor 
feed  heaters,  a  distiUate  cooler,  and  air  ejectors. 
The  major  difference  between  a  vertical  basket 
unit  abd  a  submerged  ttibe  unit  is  in  the  design 
of  the  evaporators.  In  the  vertic^ 
each  evaporator ^^^6^  of  a  vertlcsd  shel^  in 
which  k  deeply  corrugated  vertical  bastet  isin- 
staUed.  figure  18-*  12  shows  a  sectional  view  of 
the  evaporator  and  basket.  ' 

Low  pressure  steam  is  admitted  to  the  Inside 
of  the  first-effect  basket.  This  steam  boils  the 


feed  water  in  the  space  between  the  outside  of 
the  basket  and  the  shell  of  the  evaporator.  The 
condensate  resulting  from  the  condensation  of 
steam  drains  downward  and  is  returned  to  the 
boiler  feed  system.  The  vapor  generated  from 
the  boiling  sea  water  feed  passes  through  ,the 
cyclonic  separator  above  the  evaporation  sec- 
tion, where  most  ofthe  entrained  liquid  particles 
are  removed  from  the  vapor  by  centrifugal  force. 
The  vapor  continues  on  through  the  second  vapor 
separator  (called  the  '"snail"),  where  the  re- 
maining water  droplets  are  separated  from  the 
vapor.  The  liquid  particles  from  both  of  these 
separators  drain  downward  and  become  part  of 
the  brine  drains. 

The  vapor  generated  in  the  first- effect  shell 
passes  from  the  steam  dome  ofthe  first-effect 
shell.  It  goes  throughthevaporfeed  water  heater 
and  then  enters  the  steam  chest  and  evaporator 
basket  of  the  second- effect  shell.  The  first-ef- 
fect vapor  boils  the  second- effect  feed  and  thus 
causes  the  generation  of  second-effect  vapor. 
The  second-effect  vapor  goes  through  the  cy- 
clonic separator  and  the  snail  in  the  second- 
effect  shell.  From  the  steam  dome,  this  vapor 
then  goes  to  the  distilling  condenser,  where  the 
vapor  is  condensed  on  the  outside  of  the  tubes. 
The  second-effect  distillate  drains  down  and  col- 
lects in  the  flash  tank. 

As  the  first- effect  vapor  is  being  used  to  boll 
the  second-effect  feed,  some  of  the  vapor  con- 
denses. This  distillate  drains  downward  into  the 
second- effect  steam  chest  and  is  discharged  to 
the  flash  tank  at  the  bottom  of  the  distilling  con- 
denser, where  it  mixes  with  the  distillate  formed 
from  the  second- effect  vapor.  The  distillate  is 
removed  ,  from  the  flash  tank  by  the  distillate 
pump  and  is  discharged  through  the  distillate 
cooler  and  the  solenoid-operated  dump  valve  to 
the  ship's  tanks.  Should  the  salinity  of  the 
distillate  exceed  0.065  epm^thedump  valveauto- 
matically  dumps  the  distillate  to  the  bilges. 

Sea  water  flows  through  the  tubes  of  the  dis- 
tillate cooler  and  the  distilling  condenser,  creat- 
ing a  suction  for  the  brine  pump  and  maintaining 
a  back  pressure  for  the  feed  system.  About  25 
percent  of  the  sea  water  passes  through  supple- 
menteiry  heating  sections  in  the  distilling  con- 
denser to  the  air  ejector  condenser,  and  feeds 
the  evaporator  shiells  in  parallel.  As  the  sea 
yfZter  pkaaea  through  the  air  ejector  condenser, 
it  cfondenses  the  air  ejector  steam;  the  resulting 
condensate  drahis  to  ah  atmo$pheric  drain  tenk. 
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Figure  18-9.-General  arrangement  of  two-stage  flash-type  distilling  plant. 
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Figiire  18-9.-General  arrangement  of  two-stage  flash-type distiUlnK plant— continued. 


Figure ,  18-10.— General  arrangement  of  five-stage  flash-type  distilling  plant. 
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Figure  18-12.— Sectional  view  of  evaporator  and 
basket  in  vertical  basket  distilling  plant. 


DISTILLING  PLANT  OPERATION 

Although  a  detailed  discussion  of  distilling 
plant  operation  is  beyond  the  scope  of  this  text, 
certain  operational  considerations  should  be 
noted.  The  factors  mentioned  here  apply  primar- 
ily (although  not  exclusively)  to  low  pressure 
steam  distilling  units.  ^ 

Naval  distilling  plants  are  designed  to  pro- 
duce distillate  of  very  high  quality.  The  chloride 
content  of  distillate  discharged  to  the  ship's  tanks 
must  not  exceed  0,065  equivalents  per  million. 
Any  distilling  uhitiK^ich  cannot  produce  distillate 
of  this  quality  is  not  considered  to  be  operating 
properly. 

Steady  operating  conditions  are  essential  to 
the  satisfactory  operation  of  a  :distiUing  unit. 
Fluctuations  in  the  pressure  and  temperature  of 
the  fii^st- effect  generating  steam  will  cause  fluc- 
tuations of  pressure  and  temperature  through- 
out the  entire  imit.  Such  fluctuations  may  cause 
priming,  with  increased  salinity  of  the  distiUatei, 
and  may  also  cause  erratic  operation  of  the  feed 
and  brine  pump.  Rapid  fluctuations  of  pressure 
in  the  last  effect  tend  to  cause  priming. 

To  achieve  satisfactory  operation  of  a  distil- 
ling unity  it  is  necessai^^^ 
vacuum  in  isdl  effects,         the  unit  is  operated 
at  liBss  ttuin^^^t^  designed  vacuum,  level 
rises  thrbi^^  there  is  an 

increased  v  tehdoicy  -  tx>ward  scale  formal 
Scales  f^^ 

fifciale  heat  triihfidFer  and  ;  t^ 


reduces  the  capacity  of  the  unit.  Excessive  scale 
formation  may  also  impair  the  quality  of  the  dis- 
tiUate. 

Various  methods  have  been  used  to  retard 
scale  formation  in  distilling  units.  In  the  past, 
a  common  method  was  the  continuous  Injection 
of  a  solution  of  Navy  boiler  compound  and  corn- 
starch into  the  distilling  unit.  The  boiler  com- 
pound tends  to  minimize  the  formation  of  scale, 
and  the  cornstarch  tends  to  minimize  priming. 

The  boiler  compound  and  cornstarch  method 
of  treatment  is  not  fully  effective  in  preventing 
scale  formation,  however,  and  daily  removal  of 
scale  is  required  when  this  method  is  used.  The 
removal  of  scale  is  accomplished  by  a  procedure 
called  chill  shocking.  For  chill  shocking,  the  unit 
is  secured  and  pumped  dry  while  it  is  still  hot. 
Then  cold  sea  water  is  introduced,  and  the  result- 
ing thermal  shock  causes  scale  to  flake  off  and 
fall  tothe  bottom  of  thetubenest.  The  unit  is  then 
pumped  dry,  the  loose  scale  is  removed,  and  the 
unit  is  filled  with  water  and  staked  up  again. 

Chill  shocking  is  an  effective  way  of  removing 
scale,  but  it  is  somewhat  laborious  and  time-con- 
suming, A  particular  disadvantage  of  the  chill 
shocking  process  is  that  it  requires  each  operat- 
ing distilling  unit  to  be  out  of  production  for  an 
hour  or  more  each  day.  This  can  lead  to  serious 
water  shortages  under  some  circunistances. 

A  new  chemical  compound  called  HAGEVAP 
has  been  adopted  as  the  standard  compound  for 
evaporator  feed  treatment.  This  compound  has 
proved  superior  to  the  boiler  compound  and  corn- 
starch previously  used,  and  Is  now  authorized 
for  use  in  submerged  tube,  vertical  basket,  and 
five-stage  flash-type  distilling  units;  it.  does  not 
appear  to  be  necessary  for  two- stage  flash- type 
units.  Where  the  HAGEVAP  treatment  is  used, 
chill  shocking  is  not  necessary  because  there 
is  no  scale  formation  (or  practically  none).  The 
use  of  this  compound  reqpires  the  installation  of 
certain  equipment,  including  special  pumps, 
tanks,  and  piping;  authorization  for  such  installa- 
tion has  been  issued,  and  the  alteration  has  been 
or  will  soon  be  made  for  all  classes  of  ships 
having  low  pressure  steam  distilling  plants 
(other  than  two-stage  flash-type  units). 

The  concentration' of  brine  (or  brine  density, 
as  it  is  called)  ha^^  on  the  quality 

of  the  dikiU^^  concentration istoo 

low,  there  wiU  be  a^    in  capacity  and  economy. 
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If  the  brine  concentration  Is  too  hlgh|  there  will 
be  an  Increase  In  the  rate  of  scaling  of  the  evap- 
orator tube  surfaceSi  and  the  quality  of  the  dis- 
tillate may  be  Impair ed.  The  density  of  the  brine 
overboard  discharge  should  normally  be  main- 
tained Just  underl.5/32|and8houldnever  exceed 
thlsflgurie.  Since  the  average  sea  water  contains 
about  1  part  of  dissolved  sea  salts  to  32  parts  of 
water  (by  weight),  the  brine  density  should  be  just 
under  1  1/2  times  that  of  the  average  sea  water. 
Brine  densltv  Is  measiured  with  a  special  kind  of 
hydrometer  4  which  Is  called  a  sallnometer, 
Sallnometers  as  shown  In  figure  18-13  are  cal- 
ibrated In  thirty- seconds,  on  four  separate 
scales  which  Indicate  the  salinity  of  the  brine  at 
four  different  temperatures  (110^  ,  115^  ,  120^, 
and  125**  P). 

Special  restrictions  are  placed  upon  the  oper- 
ation of  distilling  units  when  the  ship  Is  operat- 
ing in  contaminated  waters.  Because  most  dis- 
tilling plants  operate:  at  low  pressures  (and 
therefore  low  temperatures)  the  distillate  Id  not 
sterilized  by  the  boiling  process  In  the  evapor- 
ators and  may  contain  dangerous  micro-orga- 
nisms or  other  matter  harmful  to  health.  All 
water  In  harbors,  rivers.  Inlets,  bays,  land- 
locked waters,  and  the  open  sea  within  10  miles  of 
the  entrance  to  such  waters  must  be  considered 
contaminated  pnless  a  specific  determination  to 
the  contrary  is  made.  In  other  areas,  cont  amina- 
tion may  be  declared  to  ^st by  thefleet  surgeon 
or  his  representatives,  as  local  conditions  may 
warrant;  When  the  ship  Is  operating  In  contami- 
nated water-^,  the  distilling  units,  must  be  oper- 
ated in  strict  accordance  with  special  procedures 
established  by  the  Naval  Ship  Systems  Comitnand. 


4  Hydrometers  are  disouased  in  chapter  7of  this  text. 


Figure  18-13.-Salinometer. 
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CHAPTER  19 


REFRIGERATION  AND  AIR  CONDITIONING  PUNTS 


w 


Refrigeration  equipment  is  used  aboard  ship 
for  a  number  of  purposes,  including  the  refrig- 
eration of  ship's  stores,  the  refrigeration  of 
cargo,  the  cooling  of  water,  and  the  conditioning 
of  air  for  certain  spaces.  The  distinction  be- 
tween refrigeration  and  air  condttionUig  should 
be  noted.  Refrigeration  is  only  a  coolingprocess; 
air  conditioning  is  aprocessoftreatingairso  as 
to  simultaneously  control  its  temperature,  hu- 
midity, cleanliness,  and  distribution  to  meet  the 
requirements  of  the  conditioned  spaces. 


REFRIGERATION 


The  purpose  of  refrigeration  is  to  cool 
spaces,  objects^  or  materials  and  to  maintain 
them  at  temperatures  below  the  temperature  of 
the  surrounding  atmosphere.  In  order  to  produce 
a  refrigeration  e^ct,  it  is^merely  necessary  to 
e3q>ose  the  material  to  be  cooled  to  a  colder 
object^  or  environment  and  allow  heat  to  flow  in 
its  V'natural''  directioh*-that:is>  from  the  warm- 
er material  to  the  ccflder  material.  For  example, 
a  pan  of  hot  ;  wat  er  placed  on  a  ciake  of  ide  will  be 
cocded  Iqr  the  flow  of  heat  from  thie  hot  water  to 
the  ice. :  :We  caiiinalntain  tM  refrigeration  effect 
as  long  as  thevice^^^^^^        no  niatter  how  much 
ice  we  have;  we  canhoi  produce;  a 
effect  any  greater  than  the  cbolliig  ctf  the  water 
to  32'' ;F.  We  C8umot,for  »amF^^^^^ 
to  freeze  !^ 
require  the  remq^ 
from'  the  v^teri^j^^ 
and  f or  thii^'prgc^^^ 
differenced^ 
and  thelc^^^ 

M09ra^  maiiixte- 

niuic^^^^ 
iihc^icy^^ 
raitieafle/T^ig^^ 


Refrigeration  is  a  process  involving  the  flow 
of  heat,  and  is  therefore  a  thermodynamic 
process.  From  previous  discussion  in  this  text, 
we  may  surmise  that  a  closed  cyde^  would  be 
most  practicable  for  a  large-scale  refrigeration 
system.  When  we  try  to  visualize  such  a  cycle, 
however,  it  may  appear  at  first  glance  that  the 
cycle  will  have  to  rim  backwards.  Thus  iBr  in 
this  text,  we  have  been  primarily  concerned  with 
a  closed  cycle  in  which  thermal  energy  (in  the 
form  of  heat)  is  converted  into  mechanical 
energy  (in  the  form  of  work).  Now,  instead  of 
wanting  to  convert  heat  into  work,  we  want  to 
remove  heat  from  a  body  and  we  want  to  con- 
tinue to  remove  heat  from  this  body  even  aifter 
its  temperature  has  been  lowered  below  that  of 
its  surroundings,  in  order  to  maintain  the  body 
at  its  lowered  temperature.  In  other  words,  we 
want  to  extract  heat  from  a  cold  body  and  dis- 
charge it  to  a  warm  area. 

The  question  is:  How  can  this  be  done,  since 
we  know  from  the  second  law  of  thermodjrnamics 
that  heat  cannot,  of  itself ,  flow  from  a  colder  body 
or  region  to  a  warmer  one?  It  is  <)ntirely  pos- 
sible to  extract  heat  from  a  body  it  a  low  tem- 
perature and  difl(charge  it  to  a  body  or  region  at 
a  higher  temperature,  provided  a  suitable  e^qpen- 
diture  of  energy  is  made  toaccompiishthis.  The 
.  energy:  supplied  to  the;  refrigeration  cycle  for 
^this  purpose  is  In  the  form  of  work  (mechanical 
energy)  done  mi  the  working  fluid  (refrigerant) 


Thehnodynamio  cycles  are  in  ohiqpter  8of 

■  thiei  t^.  A  closed  cycle  is  one^^^^  working 
fluid  never  leaves  the  system  except  through  accidental 
;  V  leM^Kge;^  !!^  undergoes  a  series . 

of  pfdtfesses  of  such  a  nature  that  the  fluid 

;    ^8  retuxtied  initial  state  and  is  then 

■H':'Ueed  ajpah;^0\/ -^^ 
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by  a  compressor,^  In  a  refrigeration  cycle,  the 
refrigerant  must  alternate  between  lowtempera- 
tures  and  high  temperatures.  When  the  refrig- 
erant Is  at  a  low  temperature,  heat  flows  from 
the  space  or  object  to  be  cooled  to  the  refrig- 
erant. When  the  refrigerant  Is  at  a  high  tem- 
perature, heat  flows  from  the  refrigerant  to  a 
condenser.  The  energy  siqppUed  as  work  Is  used 
to  raise  the  temperature  of  the  refrigerant  to  a 
high  enough  value  so  that  the  refrigerant  will  be 
able  to  reject  heat  to  the  condenser.  This  point 
is  discussed  In  more  detail  later  in  this  chapter, 
but  should  be  noted  now  since  it  is  basic  to  the 
understanding  of  a  mechanical  refrigeration 
cycle. 

Because  the  energy  transformations  in  a 
refrigeration  cycle  occur,  in  an  order  that  is 
precisely  the  reverse  of  the  sequence  in  a  power 
cycle,  the  refrigeration  cycle  is  sometimes  said 
to  be  one  in  which  heat  is  pumped  ''iqphlll,'' 
This  view  of  a  refrigeration  cycle  is  entirely 
legitimate,  provided  the  ^'reverse  order''  of 
energy  transformations  does  not  imply  actual 
thermodynamic  reversibility.  True  thermody- 
namic reversibility  is  here,  as  elsewhere  in 
the  6bservable  world,  considered  to  be  an  Im- 
posslbUlty,  A  refrigeration  cycle  does  not  give 
us  something  for  nothing.  Instead,  we  must  put 
energy  into  the  cycle  in  order  to  extract  heat  at 
a  low  temperature  and  discharge  it  at  a  higher 
temperature. 

DEFINITION  OF  TERMS 

Some  of  the  standard  terms  used  in  the 
discussion  of  refrigeration  are  defined  in  this 
section.  A  few  of  these  terms  have  been  defined 
in  chapter  8  of  this  text  but  are  briefly  noted 
here  because  of  their  importance  in  the  study  of 
refrigeration,  y 

UNIT  OF  HEAT,-The  British  thermal  unit 
(Btu)  is  the;  standard  unit  of  heat  measurement 
used  in  refrigeration,  as  inmost  otherenglneer- 
ing  applications.  By  definition,  1  Btu  is  equal  to 
778,26  foot-pounds,        -  ' 


2    •■  ■  ■ 

A  compressor  provides  the  required  energy  in  a 
yi^r-oompjression  refrigeration  oyole,  which  is  the 
oyple  most  comnbiily  used  in  naval  ;  refrigeration 

Slants,.  0^r;ki^ 
>rmsn<xl 

namely,  to ;  raise wthe  tem^^ 
iafter  it  hM  absorbed  heat  from  ^^t^^^ 
be:Oooled•^/■^V;.;;.v^j:;:•■-^::•^•^;^  .r'.';.,-^ 


SPECinC  HEAT, -The  specific  heat  of  a  I 
substance  is  the  quantity  of  heat  required  to  i 
raise  the  temperature  of  unit  mass  of  the  sub-  | 
stance  1  degree.  In  British  systems  of  measure- 
ment, specific  heat  is  expressed  in  Btuper  pound 
per  degree  Fahrenheit, 

SENSIBLE  HEAT,— Sensible  heat  is  the  term 
used  to  identify  heat  that  is  reflected  in  a  change 
of  temperature,  i 


LATENT  HEAT  OF  VAPORIZATION,- The 
heat  required  to  change  a  liquid  to  a  gas  (or,  on 
the  other  hand,  the  'heat  which  must  be  removed 
from  a  gas  in  order  to  condense  it  to  a  liquid) 
without  any  change  in  temperature  is  called  the 
latent  heat  of  vaporization, 

LATENT  HEAT  OF  FUSION  ,-The  heat  which 
must  be  removed  from  a  liquid  in  order  to 
change  it  into  a  solid  (or,  on  the  other  hand,  the 
amount  of  heat  which  must  be  added  to  a  solid 
to  change  it  to  a  liquid)  without  any  change  in 
temperature  is  called  the  latent  heat  of  fusion, 

REFRIGERATING  EFFECT, -Since  the  heat 
removed  from  an  object  that  is  being  refrig- 
erated is  absoibed  by  the  refrigerant,  the  re- 
frigerating effect  of  a  refrigeration  cycle  is 
defined  as  the  heat  galnperpound  of  refrigerant, 

REFRIGERATION   TON,-The   unit  which 
measures  the  amount  of  heat  removal  and  thereby 
indicates  the  capacity  of  a  refrigeration  system 
is  known  as  the  refrigeration  ton.  The  refrigera- 
tion ton  is  based  on  the  cooling,  effect  of  1  ton 
(2000  pounds)  of  ice  at  .32''F  melting  in  24  hours. 
The  latent  heat  of  fiislon  of  ice  (or  water)  is 
approximately  144  Btu.  Therefore,  the  number  of 
Btu  required  to  melt  one  ton  of  ice  is  144  x  2000, 
or  288,000  Btu.  The  standard  refrigeration  ton  is  ; 
defined  as  the  transfer  of  288,000  Btu  in  24  i 
hours.  Oh  an  hourly  basis,  the  refrigeration  ton  \ 
is  12,000  Btu  per  hour  (288,000  divided  by  24  ; 
equals  12,0Q0), 

It  should^be  noted  that  the  refrigeration  ton  | 
is  not  necessarily  a  measure  of  the  ice-making  ! 
capaicity  of  a^inachine,  since  the  amount  of  ice  ' 
that>  can:  be  made  depends  upon  the  initial  tem-  j- 
perature  of  the  wateriand  otter  f^^c^^  | 


GQEFilCIENT  OF^  P 
coetficfent  of:  p^  refrigeration 
cycie^ls^esfiieiittally  the  thermal 
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efficiency  of  a  power  cycle.  The  thermal  ef- 
ficiency of  a  power  cycle  is  given  by  the  equation 


thermal  efficiency 


work  output 
heat  input 


Since  thermal  efficiency  is  a  function  of  ab- 
solute temperature  alone  in  the  Camot  cycle, 
the  equation  may  also  be  given  as 


T«-  T 
*s  r 


thermal  efficiency  =  — ^ 


where  Tg  is  the  absolute  temperature  at  the  heat 
source  smd  Tr  is  the  absolute  temperature  at  the 
heat  receiver. 

For  the  refrigeration  cycle,  the  coefficient  of 
performance  is  giv^n  by  the  equation 

coefficient  of  performance  =  '^'"'^S'^^'' 

which^  asinthepowercycle,  can  be  shown  to  be  a 
function  of  absolute  temperature  alone. 

THE  R-12  PLANT 

The  refrigeration  system  most  commonly 
used  in  the  Navy  utilizes  R-12  as  the  refrig- 
erant.3  Chemically,  R-12  is  dichlorodifluoro- 
methane  (CCL2F2).  The  boiling  point  of  R-12  is 
so  low  that  the  subtance  camiot  exist  as  a  liquid 
unless  it  is  confi}?.ed  and  put  underpressure;  for 
example,  R-12  boils  at  -21'' F  at  atmospheric 
pressure,  at  (T  F  at  9.17  psig,  at  50  ""F  at  46.69 
psi&  and  at  100 ''F  at  116.9  psig.  Because  of  its 
low  boiling  point,  R-12  is  well  suited  for  use  in 
refrigeration  systems  designed  for  only  mod- 
erate pressures.  It  also  has  the  advantage  of 
being  practically  nontoxic,  nonflammable,  v  '>n- 
explosive,  and  noncorrosive;  and  it  does  not 
poison  or  contaminate  foods. 

The  R-12  refrigeration  system  is  classified 
as  a  mechanical  system  of  the  vapor-compres- 
sion type.  It  is  a  mechanical  system  because 
the  energy  input  is  in  the  form  of  mechanical 
energy  (work).  It  is  a  vapor-.compression  system 
because  compression  of  the  vaporized  refrig- 
erant  is  the  process  which  allows  the  refrigerant 


"^Ih  acoordance  with  recent  policy,  refrigerants  used 
in  the  Navy  are  no  longer  identiHed  by  trade  names. 
Instead,  they  are  identified  by  the  lettei^  R  followed  by 
the  i^x^pz^iate  number,  or  else  they  are  identified 
simply  as  "refrigerants."  For  exan^le,  the  refriger- 
ant fbrmerly  known  as  "Freon  12"  is  now  identified 
either  as  R-12  or  simply  as  a  refrigerant. 


to  discharge  heat  at  a  relatively  high  tempera- 
ture. 

The  R-12  Cycle 

The  basic  cycle  of  an  R-12  refrigeration 
cycle  is  shown  shcematically  in  figure  19-1.  As 
an  introduction  to  the  system,  it  will  be  helpful 
to  trace  the  refrigerant  through  the  entire  cycle, 
noting  especially  the  points  at  which  the  re- 
frigerant changes  from  liquid  to  vapor  and  from 
vapor  to  liquid,  and  noting  also  the  concomitant 
flow  of  heat  in  one  direction  or  another. 

As  shown  in  figure  19-1,  the  cycle  has  two 
pressure  sides.  The  low  pressure  side  extends 
from  the  orifica  of  the  thermostatic  expansion 
valve  up  to  and  Including  the  intake  side  of  the 
compressor  cylinders.  The  high  pressure  side 
extends  from  the  discharge  side  of  the  com- 
pressor  to  the  thermostatic  expansion  valve. 
The  condensing  and  evaporating  pressures  and 
temperatures  iridicated  in  figure  19-1  are  not 
standard  for  all|refrigeration plants,  sincepres- 
sures  and  temperatures  are  established  as  i;art 
of  the  design  of  any  refrigeration  system.  It 
should  be  noted,  also,  that  the  pressures  and 
temperatures  shown  in  figure  19-1  are  theoreti- 
cal rather  than  actual  values,  even  fbr  this 
particular  system.  If  the  system  were  in  actual 
operation,  the  pressures  and  tempe  ratures  would 
vary  sli^itly  because  they  are  dependent  upon 
the  temperature  of  the  cooling  water  entering  the 
condenser,  the  amount  of  heat  absorbed  by  the 
refrigerant  in  the  evaporator,  andotherfactors. 

Liquid  R-12  enters  the  thermostatic  expan- 
sion valve  at  high  pressure,  from  the  highpres-^ 
sure  side  of  the  system.  The  refrigerant  leaves 
the  outlet  of  the  expansion  valve  at  a  much  lower 
pressure  and  enters  the  low  pressure  side  of  the 
system.  Because  of  the  relatively  lowpressure, 
the  liquid  refrigerant  begins  to  boil  and  to  flash 
into  vapor. 

From  the  thermostatic  expansion  valve,  the 
refrigerant  passes  into  the  cooling  coil  (evapo- 
rator). The  boiling  point  of  the  refrigerantunder 
the  low  pressure  in  the  evaporator  is  extremely 
low^much  lower  than  the  temperature  of  the 
spaces  in  which  the  cooling  coil  is  installed. 
As  the  liquid  boils  and  vaporizes,  it  picks  up  lis 
latent  heat  of  vaporization  from  the  surround- 
ings, thereby  cooling  the  space.  The  refHgerant 
continues  to  absorb  heat  until  all  the  liquid  has 
been  vaporized  and  the  vapor  has  become  slightly 
siqperheated.  As  a  rule,  the  amount  of  superheat 
is  about  10' F. 
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The  refrigerant  leaves  the  evaporator  as  a 
low  pressure  superheated  vapor,  having  ab- 
sorbed heat  and  thus  cooled  the  space*  The 
remainder  of  the  cycle  is  concerned  with  dispos- 
ing of  this  heat  and  getting  the  refrigerant  back 
into  a  liquid  state  so  that  it  can  again  vaporize 
in  the  evaporator  and  thus  again  absorb  heat* 

The  low  pressure  superheated  vapor  is  drawn 
out  of  the  evaporator  to  the  suction  side  of  the 
compressor.  The  compressor  is  the  unit  vdiich 
keeps  the  refrigerant  circulating  through  the 
system*  In  the  compressor  cylinders,  the  re- 
frigerant is  compressed  from  a  low  pressure 
vapor  to  a  high  pressure  vapor,  and  its  tem- 
perature rises  accordingly* 

The  high  pressure  R-12  vapor  is  discharged 
from  the  compressor  to  the  condenser*  Here  the 
refrigerant  condenses,  giving  up  its  superiieat, 
its  latent  heat  of  vaporization,  and  its  heat  of 
ccmpressicm  'to  the  cooling  sea  water  which 
flows  through  the  condenser  tubes*  The  refrig- 
erant, still  at  high  pressure,  is  now  a  liquid 
again* 

From  the  condenser,  the  refrigerant  flows 
into  a  receiver,  which  serves  as  astorageplace 
for  the  liquid  refrigerant*  From  the  receiver, 
the  refrigerant  goes  to  the  thermostatic  expan- 
sion valve  and  the  cycle  begins  again*  . 

From  this  brief  summary  of  an  R-i2  vapor- 
compression  refrigeration  system,  it  may  be 
seen  that  the  cycle  is  indeed  one  in  which  heat 
is  '^pumped  uphill"  as  a  result  of  the  arrange- 
ments which  cause  the  refrigerant  to  go  through 
successive  phases  of  expansion,  evaporation, 
compression,  and  condensation. 

Major  Components 

The  major  components  of  a  shipboard  R- 12 
refrigeration  plant  are  shown  diagrammatically 
in  figure  19-2*  The  primary  parts  of  the  system 
are  the  thermostatic  expansion  valve,  the  evapo- 
rator, the  compressor,  the  condenser,  and  the 
receiver*  Additional  equipment  required  to  com- 
plete the  plant  includes  piping,  pressure  gages, 
thermometers,  various  types  of  control  switches 
and  control  valves,  strainers,  relief  valves,  sight 
flow  indicators,  dehydrators,  and  charging  ccm- 
nections*  Figure  19-3  shows  most  of  the  compo- 
nents on  the  high  pressure  side  of  an  R-12 
system,  as  actually  installed  aboard  ship* 

In  the  following  discussion  of  the  major  com- 
ponents of  an  R-12  system,  we  will  treat  tho 
system  as  though  it  had  only  one  evaporator^ 
one  compressor,  and  one  condenser*  As  may  be 


seen  from  figure  19-2,  however,  a  shipboard 
refrigeration  system  may  (and,  indeed,  usually 
does)  include  more  than  one  evaporator  and  may 
include  additional  compressor  and  condenser 
units  to  provide  operational  flexibility  and  to 
protect  against  loss  of  refrigerating  capacity. 

THERMOSTATIC  EXPANSION  VALVE  *-The 
thermostatic  expansion  valve,  shown  in  figure 
19-4,  is  essentially  a  reducingvalve  between  the 
high  pressure  side  and  the  low  pressure  side  of 
the  system*  The  valve  is  designed  to  proportion 
the  rate  at  which  the  refrigerant  enters  the  cool- 
ing coil  to  the  rate  of  evaporation  of  the  liquid 
refrigerant  in  the  coil;  the  amount  depends,  of 
course,  on  the  amount  of  heat  being  removed 
from  the  refrigerated  space* 

A  thermal  bulb  for  the  thermostatic  expan- 
sion valve  is  clamped  to  the  cooling  coil,  near 
the  outlet*  The  bulb  contains  R-12*  Control  tub- 
ing connects  the  bulb  with  ^he  area  above  the 
diaphragm  in  the  thermostatic  expansion  valve* 
When  the  temperature  at  the  bulb  rises,  the  R-12 
expands  and  transmits  a  pressure  to  the  dia- 
phragm; this  causes  the  diaphragm  to  be  moved 
downward,  thus  opening  the  valve  and  allowing 
more  refrigerant  to  enter  the  .  cooling  coil. 
When  the  temperature  at  the  bulb  falls,  the 
pressure  above  the  diaphragm  is  decreased 
and  the  valve  tends  to  close*  Thus  the  tem-^ 
perature  near  tr  a  evaporator  outlet  controls 
the  operation  of  the  thermostatic  e^ansion 
valve. 

EVAPORATOR *--The  evaporator  consists  of 
a  coil  of  copper  tubing  installed  in  the  space  to 
be  refrigerdtcxl*  Figure  19-5  shows  some  of  this 
tubing*  The  liquid  R-12  enters  the  tubing  at  a 
very  much  reduced  pressure  and  the  boiling 
point  is  therefore  very  much  lowered*  In  pass- 
ing through  the  expansion  valve,  going  from  the 
high  pressure  side  of  the  system  to  the  low 
pressure  side,  some  of  the  refrigerant  boils  and 
vaporizes  because  of  the  reduced  pressure  and 
some  of  the  remaining  liquid  refrigerant  is 
thereby  cooled  to  its  boiling  point*  Then,  as  the 
refrigerant  passes  through  the  evaporator,  the 
heat  flowing  to  the  evaporator  from  the  sur- 
rounding air  causes  the  rest  of  the  liquid  re*^- 
frigerant  to  boil  and  vaporize* 

After  the  refrigerant  has  absorbed  its  latent 
heat  of  vaporization  and  all  the  liquid  has  been, 
vaporized,  the  refrigerant  continues  to  absorb 
heat  until  it  has  acquired  about  10"  F  of  super- 
heat* The  amount  of  superheat  is  determined  by 
the  amount  of  liquid  refrigerant  admitted  to  the 
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Figure  19-4.— Thermostatic  expansion  valve. 

of  the  vaporized  refrigerant  provides  a  conden- 
sation temper  ^ire  liigh  enough  topermit  the  use  j 
of  sea  vrater  as  a  coolingand  condensing  medium,  j 
In  other  words,  the  compressor  raises  the  pres-  \ 
sure  of  the  vaporized  refrigerant  sufficiently  j 
high  to  permit  heat  transfer  and  condensation  1 
to  take  place  in  the  condenser.  | 
In  addition  to  this  primary  function,  the  | 
compressor  also  serves  to  keep  the  refrigerant  | 
circulating  and  to  maintain  the  requiredpressure  | 
differential  between  the  high  pressure  side  and  | 
the  low  pressure  side  of  the  system. 

Many  different  types  of  compressors  are  used  \ 

in  refrigeration  systems.  Figure  19-6  shows  a  ; 

motor-driven,  single-acting,  two-cylinder  re-  i 

ciprocating  compressor  of  a  type  commonly  used  | 

in  naval  shipboard  refrigeration  plants.  j 

CONDENSER.— The  compressor  discharges  | 

the  high  pressure,  high  temperature  refrigerant  j 

vap^r  to  the  condenser,  where  it  flows  around  the  v 

tubes  through  which  sea  water  is  being  pumped,  f 

As  the  vapor  gives  \qp  itssqperheattothe  circu-  ; 

lating  sea  water,  the  temperature  of  the  vapor  1 

drpps  to  the  condensation  point.  As  socm  as  the  I 

temperature  of  the  vapor  drops  to  its  condensing  j 
point  at  the  existing  pressure,  the  vapor  con- 
denses and  in  the  process  gives  up  the  latent 
heat  of  vaporization  that  it  picked  \q>  in  the 
evaporator.  The  refrigerant,  now  inliquidform, 
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evaporator;  and  this,  in  turn,  is  controlled  by 
the  spring  adjustment  of  the  thermostatic  e^qpan- 
sion  valve.About  IC F  of  sttperheat  is  considered 
desirable  because  it  increases  the  efficiency  of 
the  plant  and  because  it  ensures  the  evaporation 
of  all  liquid,  thus  preventing  liquid  carryover  into 
the  compressor. 

COMPRESSOR  .--In  a  vapor-compression  re- 
frigeration systeni,  the  compressor  is  the  unit 
that  pumps  heat  ''tqphill''  from  the  cold  side  to 
the  hot  side  of  the  system. 

The  heat  absorbed  by  the  refrigerant  in  the 
evaporator  must  be  removed  before  the  refrig- 
erant can  again  absorb  latent  heat  in  the  evapo- 
rator. The  only  way  in  which  the  vaporized 
refrigerant  can  be  made  to  give  tq>  the  latent 
heat  of  vaporization  that  it  absorbed  in  the 
evaporator  is  by  condensation.  In  view  of  the 
relatively  high  temperature  of  the  available 
cooling  medium  (sea  water),  the  only  way  to 
make  the  vapor  condense  is  by  first  compress- 
ing it. 

The  vapor  drawn  into  the  compressor  is  at 
very  low  pressure  and  very  low  temperature.  In 
the  compressor,  both  the  pressure  and  the  tem- 
perature are  raised.  Since  an  increase  in  pres- 
sure causes  a  prcqportional  rise  intenqperature, 
and  since  the  condensation  point  of  a  vapor  is 
determined  by  the  pressure,  raising  the  pressure 
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Figure  19-5.— Evaporator  tubing. 
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is  subcooled  slightly  below  its  boiling  point  at 
this  pressure  to  ensure  that  it  will  not  flash 
into  vapor. 

A  water-cooled  condenser  for  an  R-^12  re- 
frigeration system  is  shown  in  figure  19-7. 
Circulating  water  is  obtained  through  a  branch 
connection  from  the  f iremain  or  by  means  of  an 
individual  pump  taking  suction  from  the  sea. 
A  water  regulating  valve  (not  shown)  is  usually 
Installed  to  control  the  flow  of  cooling  water 
through  the  condenser.  The  purge  connection 
shown  in  figure  19-6  is  on  the  refrigerant  side; 
it  is  used  to  remove  air  and  other  noncondens- 
able  gases  that  are  lighter  than  the  R-12  vapory- 
Most  condensers  us(dd  in  naval  refrigeration 
plants  are  water  cooled.  However,  some  small 
units  have  air-cooled  condensers.  These  consist 
of  tubing  with  external  fins  to  increase  the  heat 
transfer  surfoce.  Most  air-cooled  condensers 
have  fans  to  ensure  positive  circulation  of  air 
around  the  condenser  tubes. 

RECEIVER.— The  receiver,  shown  in  figure 
19-8,  acts  as  a  temporary  storage  space  and 
surge  tank  for  the  liquid  refrigerant  which  flows 
from  the  condenser.  The  receiver  also  serves 
as  a  vapor  seal  to  prevent  the  entrance  of  ^apor 
into  the  liquid  line  to  the  thermostatic  expansion 
valve. 

ACCESSORIES  ANDCONTROLS.-IhaddUion 
to  the  five  major  components  Just  described,  a 
refrigeration  system  requires  a  number  of  coti« 
trols  and  accessories.  The  most  important  of 
these  are  discussed  briefly  in  the  following 
paragraphs. 


A  dehydrator  (or  dryer)  is  placed  in  the 
liquid  refrigerant  line  between  the  receiver 
and  the  thermostatic  expansion  valve.  In  older 
installations,  such  as  the  one  shown  in  figure 
19-2,  bypass  valves  allow  the  dehydrator  to  be 
cut  in  or  out  of  the  system.  In  newer  instal- 
lations, the  dehydrator  is  installed  in  the  liquid 
refrigerant  line  without  any  bypass  arrange-* 
ment.  A  refrigerant  dehydrator  is  shown  in 
figure  19-9. 

A  solenoid  valve  is  installed  in  the  liquid 
line  leading  to  each  evaporator.  Figure  19-10 
shows  a  solenoid  valve  and  the  thermostatic 
control  switch  that  operates  it.  The  thermo- 
static control  switch  is  connected  by  long  flex- 
ible capillary  tubing  to  a  thermal  bulb  which 
is  located  in  the  refrigerated  space.  When 
the  temperature  in  the  refrigerated  space  drpps 
to  the  desired  point,  the  thermal  bulb  causes 
the  thermostatic  control  switch  to  open,  thereby 
closing  the  solenoid  valve  and  shutting  off  all 
flow  of  liquid  refrigerant  to  the  thermostatic 
expansion  valve.  When  the  temperature  in  the 
refrigerated  space  rises  above  the  desired  point, 
the  thermostatic  control  switch  closes,  the 
solenoid  valve  opens,  and  liquid  refrigerant 
once  again  flows  to  the  thermostatic  expansion 
valve. 

The  solenoid  valve  and  its  related  thermo- 
static control  switch  serve  to  maintain  the 
proper  temperature  in  the  refrigerated  space. 
However,  we  may  wonder  why  the  solenoid 
valve  is  necessary,  since  the  thermostatic 
expansion  valve  controls  the  amount  of  refrig- 
erant admitted  to  the  evaporator.  Actually,^  the 
solenoid  valve  is  not  necessary  in  systems 
having  only  one  evaporator.  In  systems  having 
more  than  one  evaporator,  where  there  is  wide 
variation  in  load,  the  solenoid  valve  provides 
the  additional  control  required  topre vent  spaces 
from  becoming  too  cold  at  light  loads. 

In  addition  to  the  solenoid  valve  installed 
in  the  line  to  each  evaporator,  a  large  refrig^ 
eration  plant  usually  has  a  main  liquid  line 
solenoid  valve  installed  Just  after  the  receiver. 
If  the  compressor  stops  for  any  reason  except 
normal  suction  pressure  control  the  main  liquid 
line  solenoid  valve  closes  and  prevents  liquid 
refrigerant  from  flooding  the  evaporator  and 
flowing  to  the  compressor  suction.  Great  dam- 
age to  the  compressor  can  result  if  liquid  is 
allowed  to  enter  the  compressor  suction. 

Whenever  several  refrigerated  spaces  of 
varying  temperatures  are  to  be  maintained 
by  one  compressor,  an  evaporator  pressure 
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Figure  19-6.^Reciprocating  compressor  for  R-12  refrigeration  plant. 
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regydating  valve  is  installed  at  the  outlet  of 
each  evaporator  except  the  evaporator  in  the 
space  in  which  the  lowest  temperature  is  to  be 
maintained.  The  evaporator  pressure  regulating 
valve  is  set  to  keep  the  pressure  in  the  coil 
from  fUling  below  the  pressure  corresponding 
to  the  lowest  temperature  desired  in  that  space. 

The  low  pressure  cutout  switch  is  the  con- 
trol that  causes  the  compressor  to  go  on  or 
off  as  required  for  the  normal  operation  of  the 
refrigeraticm  plant.  This  switch  is  located  on 
the  suction  side  of  the  compressor  and  is 
actuated  by  pressure  changes  in  the  sucticm 


line.  When  the  solenoid  valves  in  the  lines  to 
the  various  evaporators  are  closed,  so  that 
the  flow  of  refrigerant  to  the  evaporators  is 
stopped,  the  pressure  of  the  vapor  in  the  com- 
pressor suction  line  drqps  quickly.  When  the 
suction  pressure  has  dropped  to  the  desired 
pressure,  the  low  pressure  cutout  switch  causes 
the  compressor  motor  to  stop.  When  the  tem- 
perature in  the  refrigerated  space  has  risen 
enough  to  operate  one  or  more  of  the  solenoid 
valves,  refrigerant  is  again  admitted  to  the 
cooling  colls  and  the  compressor  suction  pres- 
sure builds  19  again.  At  the  desired  pressure, 
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REFRIGERANT 
INLET 
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Figure  19-7,— Water-cooled  condenser  for  R- 12  refrigerati(m system*  A.  Cuta^yview. 
B,  Water-flow  diagram.  C«  Arrangement  of  head  Joints,  D,  Position  of  zincs. 
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the  low  pressure  cutout  switch  closes,  starting 
the  conqpressor  again  and  repeating  ttie  cycle. 

A  high  pressure  cutout  switch  is  connected 
to  the  compressor  discharge  line  to  protect  the 
high  side  of  the  system  against  excessive  pres- 
sures. This  switch  is  very  similar  to  the  low 
pressure  cutout  switch;  however,  the  low  pres- 
sure cutout  switch  is  designed  to  close  ^en 
the  suction  pressure  reaches  its  upper  normal 
limit,  whereas  the  high  pressure  cutout  switch 
is  designed  to  qpen  when  the  discharge  pres- 
sure is  too  high.  The  high  pressure  cutout 
switch  is  normally  set  to  stop  the  compressor 


when  the  pressure  reaches  160  psi  and  to  start 
it  again  when  the  pressure  drops  to  140  psi.  As 
previously  noted,  the  low  pressure  cutout  switch 
is  the  compressor  control  for  normal  operation 
of  the  plant;  the  high  pressure  cutout  switch,  on 
the  other  hand,  is  a  safety  device  only  and  does 
not  have  control  of  compressor  c^eration  under 
normal  conditions. 

A  spring-loaded  relief  valve  is  installed  in 
the  compressor  discharge  line  as  an  additicmal 
precaution  against  excessive  pressures.  The 
relief  valve  is  set  to  open  at  about  225  psi; 
therefore,  it  functicms  only  in  case  of  failure  or 
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CHARGING  TO  EXPANSION 


47.96 

Figure  I9-8.-*l^eceiver  for  R-I2 
refrigeration  system. 

improper  setting  of  the  hie^  pressure  cutcot 
switch.  If  the  relief  valve  opens,  it  discharges 
high  pressure  vapor  to  the  suction  side  of  the 
compressor. 

A  water  regulating  valve>  as  shown  in  figure 
19-11,  is  usually  installed  to  control  the  quantity 
of  circulating  water  flowing  to  the  refrigerant 
condenser.  The  valve  is  located  either  at  the 
inlet  to  the  condenser  or  at  the  outlet  from  the 
condenser.  The  valve  is  actuated  by  the  refrig- 
erant pressure  in  the  compressor  discharge  line; 
this  pressure  acts  upcm  a  diaphragm  or  a  bel- 
lows arrangement  which  transmits  motion  to  the 
valve  stem.  As  the  temperature  of  the  circu- 
lating water  increases,  the  temperature  of  the 
refrigerant  vapor  increases;  this  causes  the 
pressure  of  the  refrigerant  to  increase,  and 
thereby  raises  the  condensation  point.  When  this 
occurs,  the  increased  pressure  of  the  refrig- 
erant causes  the  water  regulating  valve  to  open 
wider,  thus  automatically  permitting  more  cir- 
culating water  to  How  through  the  condenser. 
When  the  condenser  is  cooler  tlum  necessary, 
the  water  regulating  valve  allows  less  water  to 
flow  through  the  condenser.  Thus  the  flow  of 
cooling  water  through  the  condenser  is  auto- 
matically maintained  at  the  rate^actually  re- 
quired to  condense  the  refrigerant  under  vary- 
ing conditions  of  load  and  temperature. 

A  water  failure  switch  is  provided  to  stqp 
the  compressor  in  the  event  of  failure  of  the 
circulating  water  sqpply.  This  is  a  pressure- 
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actuated  switch,  generally  similar  to  the  low 
pressure  cutout  switch  and  the  high  pressure 
cutout  switch  previously  described.  If  the  water 
failure  switch  should  fail  to  function,  the  re- 
frigerant pressure  in  the  condenser  would 
quickly  build  up  to  the  point  where  the  high 
pressure  cutout  switch  would  function. 

Because  of  the  solvent  action  of  R-12,  any 
particles  of  grit,  scale,  dirt,  and  metal  that 
the  system  may  ccmtaln  are  very  readily  circu- 
lated through  the  refrigerant  lines.  To  avoid 
damage  to  the  compressor  from  such  foreign 
matter,  a  strainer  is  installed  in  the  compressor 
suction  connection,  bi  addition,  a  liquid  strainer 
is  installed  in  the  liquid  line  leading  to  ezch 
evaporator;  these  strainers  serve  to  protect 
the  solenoid  valves  and  the  thermostatic  ex- 
pansion valves. 

A  number  of  pressure  gages  and  thermom- 
eters are  used  in  refrigeration  systems.  A 
compound  refrigerant  gage  is  shown  in  figure 
9-12.  The  temperature  markings  on  this  gage 
show  the  boiling  point  (or  condensing  point)  of 
the  refrigerant  at  each  pressure;  the  gage  can- 
not measure  temperature  directly.  The  dark 
pointer  (which  is  actually  red  in  color)  is  a 
stationary  pointer  that  can  be  set  manually  to  i 
indicate  the  maximum  working  pressure.  Other 
pressure  gages  and  thermometers  include  a  j 
water  pressure  gage,  installed  in  the  circulating  j 
water  line  to  the  ccmdenser,  and  standard  ther-  i 
mometers  of  appropriate  range,  installed  in  the  ^ 
refrigerant  lines.  § 
Refrigerant  piping  is  normally  made  of  | 
copper.  Copper  is  particularly  good  for  this  ! 
purpose  because  it  does  not  become  corroded  | 
by  the  refrigerant,  the  internal  surface  is  smooth  | 
enough  to  minimise  friction,  and  the  ^bing  is  1 
easily  shaped  to  meet  installation  requirements. 

AIR  CONDITIONING 

•f 

Air  conditioning  is  a  field  that  deals  with  J 
the  design,  construction,  and  operaticuiof  equ^)- 

ment  used  in  establishing  and  maintaining  de-  l 

sirable  indoor  air  conditions.  It  is  the  science  | 

of  maintaining  the  atmosphere  of  an  enclosure  | 

at  any  required  temperature,  humidity,  andpur-  j 

ity.  As  such,  air  conditioning  involves  the  i 

cooling,  heating,  dehumidifying,  ventilating,  and  * 

;.)urifying  of  air.  ! 

.  Aboard  ship,  air  conditioning  serves  to  keep  | 

the  ship's  crew  comfortable,  alert,  andphysi-  \ 

cally  fit.  The  temperature,  humidity,  cleanli-  \ 

ness,  quantity,  and  distribution  of  the  condi-  j 

tioned  air  siq>ply  is  a  matter  of  vital  concern.  | 
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Figure  19-9.— Refrigerant  Dehydrator. 
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The  comfort  and  efficiency  of  the  crew  is 
not  the  only  Immediate  reason  for  shipboard 
air  conditioning.  Mechanical  cooling,  heating, 
or  ventilating  must  be  provided  for  a  number 
of  spaces  for  a  variety  of  reasons.  Ammunition 
spaces  must  be  kept  below  a  certain  tempera- 
ture In  order  to  prevent  deterioration  of  the 
ammunition;  gas  storage  spaces  must  be  kept 
cool  in  order  to  prevent  the  buildup  of  exces- 
sive pressures  In  containers;  electrical  and 
electronic  equipment  must  be  maintained  at 
certain  temperatures,  with  controlled  humidity, 
In  air  that  is  relatively  free  of  dust  and  dirt. 

PRINCIPLES  OF  AIR  CONDITIONING 

To  achieve  the  bbjectives  of  air  condition- 
ing, it  is  necessary  to  take  account  of  a  number 
of  factors.  The  principal  factors  that  are 


important  in  connection  with  air  conditioning 
are  discussed  In  the  following  sections. 

HUMIDITY.— The  vapor  content  of  the  at- 
moifphere  is  referred  to  as  h\miidity .  Excessive 
humidity  and  too  little  humidity  both  lead  to 
discomfort  and  impaired  efficiency;  hence  the 
measurement  and  control  of  the  moisture  con- 
tent of  the  air  is  an  Important  phase  of  air 
conditioning. 

The  air  holds  varying  amounts  of  water 
vapor,  depending  upon  the  temperature  tA  the 
air;  the  higher  the  temperature,  the  greater 
the  amount  of  moisture  the  air  can  hold.  For 
every  temperature  there  is  a  definite  limit  as 
to  the  amount  of  moisture  the  air  is  capable  of 
holding.  When  air  attains  the  maximum  amount 
of  moisture  which  it  can  bold  at  a  specified 
temperature,  the  air  is  said  to' be  saturated. 
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Figure  19-10.— Solenoid  valve  (tqp)  and  thermostatic  control  switch  (bottom). 
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The  saturation  point  is  usually  called  the 
dew  point.  If  the  temperature  of  saturated  air 
f?lls  below  its  dew  point,  some  of  the  water 
vapor  in  the  air  must  condense  into  water.  The 
dew  that  is  visible  In  early  morning  after  a 
drop  in  temperature  is  the  result  of  such  con> 
densation.  The  sweating  of  cold  water  pipes  is 


the  result  of  water  vapor  from  the  air  condensing 
on  the  cold  surfoces  of  the  p^es. 

The  amount  of  water  vapor  in  the  air  is  ex- 
pressed in  terms  of  the  weight  of  the  water 
vsqpor.  This  weight  is  usually  given  in  grains 
(7000  grains  =  1  pound).  Absolute  humidity  is 
the  weight  of  water  vapor  (in  grains)  per  cubic 
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Figure  19-11. -Water  regulating  valve  (cross 
section.) 
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figure  19-12.— C«mq?ound  R-12  prrssore  gage. 


foot  of  air.  Specific  huinidity  is  the  weight  of 
water  vapor  (in  grains)  per  pound  of  air.  It 
should  be  noted  that  the  weight  refers  only  to 
the  weight  of  the  moisture  which  is  present  in 
the  vapor  stkte;  it  does  not  include  moisture 
that  may  be  present  in  the  liquid  state. 

Relative  humidity  is  the  ratio  of  the  weight 
of  water  vapor  in  a  sample  of  air  to  the  weight 
of  water  vapor  vAiich  that  same  sample  of  air 
would  hold  if  saturated  at  the  existing  tem- 
perature. This  ratio  is  usually  stated  as  a 
percentage.  For  example,  when  air  is  fully  satu- 
rated, its  relative  humidity  is  100  percent. 
When  air  contains  no  moisture  at  all,  its  relative 
humidity  is  zero  percent.  When  air  is  half 
saturated— that  is,  holding  half  as  much  mois- 
ture as  it  is  capable  of  holding  at  the  existing 
temperature— its  relative  humidity  is  50  per- 
cent. 

Relative  humidity,  rather  than  absolute  hu- 
midity or  specific  humidity,  is  the  factor  that 
affects  comfort.  This  is  true  because  it  is  the 
relative  humidity  that  affects  evaporation.  Mois- 
ture tends  to  travel  from  regions  of  greater 
wetaess  to  regions  of  lesser  wetness.  If  the  air 
above  a  liquid  is  saturated,  the  liquid  and  the 
vapor  are  in  equilibrium  contact  and  no  further 
evaporation  can  take  place.  If  the  air  above  the 
liquid  is  only  partly  saturated,  some  evapora- 
tion can  take  place. 

A  specific  example  may  Illustrate  the  differ- 
ence between  absolute  or  specific  humidity  and 
relative  humidity.  If  the  specific  humidity  of 
the  air  is  120  grains  peupound  and  the  tem- 
perature of  the  air  is  76'' FVuie  relative  humidity 
is  nearly  90  percent— that  is,  the  air  is  nearly 
saturated.  With  a  relative  humidity  of  90  per- 
cent, the  body  may  perspire  freely  but  the 
perspiration  does  not  eviqporate  rapidly;  hence 
there  is  a  general  feeling  of  discomfort. 

K  the  temperature  of  the  air  is  86*  F,  how- 
ever, with  the  specific  humidity  remaining 
constant  at  120  g^rains  per  pound,  the  relative 
humidity  is  only  64  percent.  Although  the 
amount  of  moisture  in  the  air  is  the  same  as 
before,  the  relatively  humidity  is  lowerbecause 
at  86* F  the  air  is  capable  of  holding  more  water 
vapor  than  it  can  hold  at  76''F.  The  body  can 
therefore  evaporate  excess  moisture  and  the 
general  feeling  of  comfort  is  much  greater  even 
though  the  temperature  is  10  degrees  higher. 

TEMPERATURE.- When  testing  the  effec- 
tiveness of  air  conditioning  equ4>m6nt  and  when 
checking  the  humidity  of  spaces,  two  different 
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temperatures  are  usually  considered*  These  are 
the  dry*bulb  temperature  and  the  wet-bulb  tem- 
perature. 

The  dry-bulb  temperature  is  the  temperature 
of  the  air  as  measured  by  an  ordinary  dry -bulb 
thermometer.  The  dry-bulb  temperature  re- 
flects the  sensible  heat  of  the  air* 

The  wet-bulb  temperature  is  the  temperature 
of  the  air  as  measured  by  a  wet-bulb  thermom- 
eter. A  wet-bulb  thermometer  is  an  ordinary 
thermometer  with  a  loosely  woven  cloth  sleeve 
or  wick  placed  around  the  bulb  and  then  wet 
with  water.  The  water  in  the  sleeve  or  wick  is 
made  to  evaporate  by  a  current  of  air  at  high 
velocity.  The  evaporation  lowers  the  tempera- 
ture of  the  wet-bulb  thermometer.  The  differ- 
ence between  the  dry-bulb  temperature  and  the 
wet-bulb  temperature  is  called  the  wet-bulb 
depressiro.  When  the  air  is  saturated,  so  that 
evaporation  cannot  take  place,  the  dry-bulb 
temperature  is  the  same  as  the  wet-bulb  tem- 
perature; the  condition  of  saturation  is  unusual, 
however,  and  a  wet-bulb  depression  is  normally 
to  be  esqpected. 

The  wet-bulb  thermometer  and  the  dry-bulb 
thermometer  are  usually  mouttted  side  side 
on  a  frame.  A  handle  or  a  short  chain  is  attached 
to  the  frame  so  that  the  thermometers  may  be 
whirled  In  the  air,  thus  providing  an  air  current 
of  high  velocity  to  facilitate  evaporation.  Such  a 
device  is  known  as  a  sling  psychrometer.  (See 
fig.  19-13.)   Motorized    psychrometers  are 


provided  with  a  small  motor-driven  fan  and  dry 
cell  batteries.  Motorized  psychrometers  are 
gradually  replacing  the  sling  psychrometers. 
An  exposed  view  of  a  hand  electric  psychrometer 
is  showii  in  figure  19-14.  With  either  type  of 
psychrometer,  the  wet-bulb  temperature  must 
be  observed  at  intervals  as  the  water  is  being 
evaporated.  The  point  at  which  there  is  no  fur- 
ther drop  in  temperature  on  the  wet-bulb  ther- 
mometer is  the  wet-bulb  temperature  of  the 
space. 

As  may  be  inferred  from  this  discussion, 
the  wet-bulb  depression  is  an  indication  that 
latent  heat  of  vaporization  has  been  used  to 
vaporize  the  water  in  the  sleeve  or  wick  around 
the  wet-bulb  thermometer. 

When  the  air  contains  some  moisture  but  is 
not  saturated,  the  dew-point  temperature  is 
lower  than  the  dry-bulb  temperature  and  the 
wet-bulb  temperature  is  between  the  dew-point 
and  the  dry-bulb  temperatures.  As  the  amount 
of  moisture  in  the  air  increases,  the  difference 
between  the  dry-bulb  temperature  and  the  wet- 
bulb  temperature  becomes  less  and  less.  When 
the  air  is  saturated,  the  dew-point  temperature, 
the  dry-bulb  temperature,  and  the  wet-bulb 
temperature  are  identical. 

AIR  MOTION.- In  perfectly  still  air,  a  layer 
of  air  adjacent  to  the  body  absorbs  the  sensible 
heat  given  off  by  the  body  and  increases  in  tem- 
perature. This  layer  of  air  also  takes  iqp  the 
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Figure  19-14.*-E:qpo8ed  view  of  hand  electric 
psychrometer. 


water  vapor  given  off  by  the  body  and  increases 
I  in  relative  humidity.  Thebody  is  thus  surrounded 
!  by  an  envelope  of  air  which  is  at  a  hi^r  tem- 
perature and  higher  relative  humidity  than  the 
ambient  air,  and  the  amount  of  heat  that  the  body 
can  lose  to  this  envelope  of  motionless  air  is 
considerably  less  than  that  which  it  can  lose  to 
J^the  ambient  air*  If  the  air  is  set  in  motion,  the 
motionless  envelope  of  air  is  br6ken  up  and 
replaced  by  ambient  air,  thereby  increasing  the 
heat  loss  from  the  body.  When  the  increased  heat 
loss  inqproves  the  heat  balance  of  the  body,  we 
are  likely  to  speak  cheerfully  of  feeling  a 
"breeze,''  but  when  the  increase  is  excessive, 
we  speak  less  cheerftilfy  of  feeling  a  "draft.'' 

SENSATION  OF  COMFORT.-* From  the  pre- 
vious discussion,  it  is  evident  that  the  three 
factors  of  ten^erature,  relative  humidity,  and 
air  motion  are  closely  interrelated  and  that  all 
three  factors  have  a  definite  dSect  upon  comfort 
and  efficiency.  In  fact,  a  given  combination  of 
temperature,  relative  humidity,  and  air  motion 
produces  the  same  feelingofwarmthor  coolness 


as  a  higher  or  lower  temperature  in  conjunction 
with  compensating  relative  humidity  and  air 
moticxi. 

The  term  used  to  identify  the  net  effect  of 
these  three  factors  is  effective  temperature* 
The  effective  temperature  cannot  be  measured 
with  any  instrument,  but  can  be  found  on  a 
special  psychrometric  chart  when  the  dry-bulb 
temperature,  the  wet-bulb  temperature,  and 
the  air  velocity  are  known. 

Although  all  of  the  combinations  of  tem- 
perature, relative  humidity,  and  air  motion  of 
a  pa.rtictdar  effective  temperature  may  produce 
the  same  feeling  of  warmth  or  coolness,  they 
are  not  all  equally  comfortable  or  healthful* 
For  best  health  and  comfort,  a  relative  humidity 
of  40  to  50  percent  in  cold  weather  and  50  to 
60  percent  in  warm  weather  is  desirable.  An 
overall  range  of  30  to  70  percent  is  acceptable. 

MECHANICAL  COOLING 

Mechanical  cooling  equipment  is  provided  cm 
ships  to  cool  and  dehumidify  practically  all 
parts  of  the  ship  except  the  machinery  spaces. 
In  general,  three  types  of  mechanical  cooling 
equipment  are  used  aboard  naval  ships:  refrig- 
erant circulating  systems,  chilled  water  circu- 
lating systems,  and  self-contained  air  condi- 
tioners. 

Refrigerant  Circulating  Systems 

A  refrigerant  circulating  system  is  shown 
in  figure  19-15.  As  may  be  seen,  this  system 
is  essentially  a  refrigeration  system  consisting 
of  a  compressor,  a  condenser,  cooling  coils, 
a  fim,  an  air  filter,  and  the  necessary  controls* 

Hot  moist  air  from  the  space  to  be  cooled 
is  drawn  through  a  duct,  vAiere  it  mixes  with 
fresh  air  drawn  from  outside.  The  ton  blows  the 
air  over  the  cooling  coil  and  the  refrigerant 
inside  the  coil  cools  the  surface  of  the  coil. 
Heat  flowB  from  the  air  to  the  coil  and  excess 
moisture  In  the  air  is  condensed  on  the  coil. 
The  moisture  drips  off  into  a  pan  below  the 
coil  and  is  carried  off  by  drain  p4>ing.  The  cool 
dry  air  leaving  the  coil  is  blown  into  the  com- 
partment to  be  cooled,  where  it  absorbs  the 
excess  heat  and  moisture  from  the  air  already 
in  the  Sfpace  The  air  is  then  returned  to  the 
codling  coil  and  the  cycle  is  repeated.  Air  is 
esdiausted  from  the  space  t>eing  cooled  in  order 
to  allow  fresh  air  to  be  drawn  into  the  space. 
The  cooling  coils  are  installed  in  the  ventilation 
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Figure  Refrigerant  circulating  type  of  mechanical  cooling  system. 
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ducts  leading  to  the  qpaces  to  be  co61ed.  The 
refrigerant  used  In  this  system  is  usually  R*12, 

culled  Water  Circulating  Systems 

Two  types  of  cUlled  water  circulating  sys- 
tems are  used  for  mechanical  cocfling  aboard 


Bldp.  Both  systems  utilize  chilled  water  as  the 
secondary  refrigerant,  but  one  type  uses  R-12 
as  the  primary  refrigerant  and  the  other  uses 
R-12  syMems  use  reciprocating  com- 
pressors; R-11  systems  use  centriftigal  com* 
pressors.  ' 
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Both  types  of  chilled  water  circulating  sys- 
tems operate  on  the  same  general  principle. 
The  secondary  refrigerant  (chilled  water)  is 
circulated  to  the  various  cooling  coils.  Heat 
from  the  spaces  being  cooled  is  absorbed  by 
the  chilled  water  and  is  removed  from  the 
water  by  the  primary  refrigerant  in  a  water 
chiller. 

Figure  19-16  illustrates  the  flow  of  primary 
refrigerant,  secondary  refrigerant,  and  con- 
denser water  in  an  R-11  chilled  water  circulat- 
ing system  vAdch  has  a  single-stage  centrifugal 
compressor.  The  primary  refrigerant  vapor 
goes  from  the  eviqporator  to  the  compressor, 
where  it  is  compressed.  It  is  then  discharged 
to  the  condenser.  In  the  condenser,  the  primary 
refrigerant  vapor  condenses,  giving  up  its 
superheat,  its  latent  heat  of  vaporizatim,  and 
its  heat  of  compression  to  the  cooling  water 
that  flows  through  the  condenser  tubes.  The 
liquid  primary  refrigerant  then  passes  through 
a  high  pressure  float  valve  to  the  cooler. 


The  secondary  refrigerant  picks  up  heat  in 
the  coils  of  the  air  conditioned  space  and  car- 
ries this  heat  to  the  cooler.  The  Amotion  of  the 
cooler  is  to  transfer  the  heat  from  the  secondary 
refrigerant  to  the  primary  refrigerant  which 
surrounds  the  tubes  of  the  cooler.  As  this  heat 
is  transferred,  the  liquid  primary  refrigerant 
absoxbs  its  latent  heat  of  vaporization,  boils, 
and  vaporizes.  The  quantity  ci  liquid  refrig- 
erant thus  evaporated  varies  directly  with  the 
amount  ct  heat  picked  up  by  the  secondary 
refrigerant.  The  vaporized  primary  refrigerant 
goes  to  the  compressor,  and  the  same  sequence 
of  events  is  repeated  in  a  cyclical  manner. 

Figure  19-17  illustrates  an  R-11  chilled 
water  circulating  system  with  a  two-state  cen- 
trifugal compressor.  The  refrigerant  vapor 
coming  from  the  cooler  goes  into  an  qpening 
around  the  bub  of  the  first  wheel  of  the  centrifu- 
gal compressor.  The  blades  in  the  rapidly 
rotating  wheel  impart  velocity  to  the  vapor.  The 
vapor  is  then  directed  to  the  hub  of  the  second 
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Figure  19-16.- Flow  diagram,  chlUed  water  circalating  system  with 
single-stage  centrifugal  compressor. 
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wheel,  where  it  is  conqpressed  and  discharged 
to  the  condenser. 

Between  the  condenser  and  the  cooler,  the 
liquid  refrigerant  passes  through  an  economizer. 
A  float  in  the  upper  chamber  of  the  economizer 
allon^s  the  passage  of  refrigerant  into  the  lower 
chamber.  By  connecting  the  economizer  to  the 
second  stage  of  the  compressor,  the  pressure 
in  the  lower  chamber  is  greatly  reduced.  The 
reduced  pressure  causes  some  of  the  liquid 
refrigerant  to  flash  into  vapor,  thus  cooling  the 
remainder  of  the  refrigerant.  Thus  the  econo- 
mizer acts  as  an  Interstage  flash  co61er  and 
increases  the  efficiency  of  the  plant.  A  float  in 
the  lower  chamber  of  the  economizer  allows 
the  passage  of  the  refrigerant  into  the  codler. 
In  the  cooler,  the  liquid  refrigerant  absorbs 
beat  from  the  water  and  changes  from  a  liquid 
to  a  vapor. 

Self-contained  Air  Conditioners 

Self-contained  air  conditioners  are  installed 
on  some  ships  tliat  were  orig^taially  built  without 
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Figure  19-17.«-Chilled  water  circulating  system  with  two-stage  centriftigal  compressor. 


mechanical  cooling  systems.  A  self-contained 
air  conditioner  is  built  with  the  entire  unit  in 
one  metal  cabinet.  The  compressing  element  in 
the  unit  is  usually  of  the  hermetically  sealed 
type,  with  the  motor  ami  the  compressor  con- 
tained in  a  welded  steel  shell.  Some  self- 
contained  air  conditioners  utilize  a  thermostatic 
expansion  valve  similar  to  the  type  used  in  large 
refrigeration  plants;  others  utilize  capillary 
hibes  to  ensure  aii  even  flow  of  refrigerant 
throu^  the  cooling  jcoil. 

HEATING  AND  VENTILATION 

Aboard  sh4>>  heating  is  acconqplished  by 
means  of  steam  heaters  installed  in  the  ventila- 
tion ducts  and  by  means  of  qace  beaters.  On 
steam-driven  ships,  the  steam  for  the  heaters 
is  sqppliedatreducedpressurefrom  an  auxiliary 
steam  system.  On diesel-drivensb^s,  the  steam 
is  siqyplied  by  an  auxiliary  boiler.  Some  electric 
heaters  are  also  used  aboard  sh^;  these  are 
used  primarily  for  heating  qaces  which  are 
located  at  a  consideraUe  distance  from  the  steam 
piping  system. 
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Ventilation  is  accomplished  chiefly  by  means 
of  fans  ixAiich  supply  and  exhaust  through  ven* 
tilation  duct  systems.  Most  fans  used  in  duct 
systems  are  6t  the  axial-flow  type,  but  some 
centrifugal  fims  are  used.  Bracket  fkns  are  used 
to  provide  local  circulation  In  certain  spaces. 
Portable  tms  are  used  for  such  purposes  as 
temporary*  ventilation  of  compartments  after 
painting,  exhausting  toxic  gases  from  closed 
spaces  and  tanks,  and  cooling  hot  areas  around 
machinery  vtbilis  repairs  are  being  made. 

SAFETY  PRECAUTIONS 

Refrigerants  are  ftimished  in  cylinders  for 
use  in  shipboard  refrigeration  and  air  condition- 
ing systems*  The  following  precautions  must  be 
observed  by  personnel  handling,  using,  and  stor- 
ing these  cylinders: 

1.  Never  drop  cylinders  nor  permit  them  to 
strike  each  other  violently. 

2.  Never  use  a  lifting  magnet  or  a  sling 
(rope  or  chain)  when  handling  cylinders.  A  crane 
may  be  used  if  a  safe  cradle  or  platform  is 
provided  to  hold  the  cylinders. 

3.  Csvs  provided  for  valve  protection  must 
be  kept  on  cylinders  except  when  the  cylinders 
are  being  used. 

4.  Whenever  refrigerant  is  discharged  from 
a  cylinder,  the  cylinder  should  be  weig^ied 
immediately  and  the  weight  of  the  refrigerant 
remaining  in  the  cylinder  should  be  recorded. 

5.  Never  attempt  to  mix  gases  in  a  cylinder. 

6.  NEVER  put  the  wrong  refrigerant  Into  a 
refrigeration  system  1  No  refrigerant  except  the 
one  for  which  the  system  was  designed  shoidd 
ever  be  Introduced  into  the  system.  Ih  some 
cases,  putting  the  wrong  refrigerant  into  a  sys- 
tem may  cause  a  violent  explosion. 

7.  When  a  cylinder  has  bem  emptied,  close 
the  cylinder  valve  immediately  to  prevent  the 
entrance  of  air,  molstmre,  or  dirt.  Mso^  be  sure 
to  rqilace  the  valve  protectloD  cap. 

8.  Never  use  cylinders  for  any  purpose  other 
than  their  intended  purpose.  DO  NOT  use  them 
as  rollers,  supports,  etc. 

9.  00  NOT  tamper  with  the  safety  devices 
in  the  valves  or  cylinders. 

10.  Open  cyllnter  valves  ilowly.  Never  use 
wrenches  or  other  tools  except  those  provided 
by  the  mamtactorer. 

11.  lOke  sure  that  the  threads  on  regulators 
or  other  coonectiaas  are  tbe  same  as  ttiose  on 
ttie  cylinder  valve  outlets.  Never  force  connec- 
tions that  do  not  ftt. 


12.  Regulators  and  pressure  gages  pro- 
vided for  use  with  a  particular  gas  must 
NOT  be  used  on  cylinders  containing  other 
gases. 

13.  Never  attempt  to  repair  or  alter  cylin- 
ders or  valves. 

14.  Never  fill  R-12  cylinders  beyond  80 
percent  of  capacity. 

15.  Whenever  possible,  store  cylinders  in  a 
co(fl,  dry  place,  in  an  iqiright  position.  If  the 
cylinders  are  esqposed  to  excessive  heat,  a 
dangerous  Increase  In  pressure  will  occur.  If 
cylinders  must  be  stored  in  the  open,  take  care 
that  they  are  protected  against  extremes  of 
weather.  NEVER  allow  a  cylinder  to  be  sub- 
Jetted  to  a  temperature  above  125*F. 

16.  NEVER  allow  R-12  to  come  in  contact 
with  a  flame  or  red-hot  metall  When  expoBed 
to  excessively  hig^  tenq[>eratures,  R-12  breaks 
down  into  PBOS(XNE  gas,  an  extremely  poison- 
ous substance.  Because  R-12  is  such  apowerftil 
freezing  agent  that  even  a  very  small  amount 
can  freeze  the  delicate  tissues  of  the  eyes, 
causing  permanent  damage;  it  is  essential  that 
goggles  be  worn  by  all  personnel  wtx>  may  be 
exposed  to  a  refrigerant,  particularly  in  Its 
liq^  form.  U  refrigerant  does  get  in  the  eyes, 
the  person  suffering  the  in|ury  should  receive 
medical  treatment  Immediately  in  order  to  avoid 
permanent  damage  to  the  eyes.  In  the  meantime, 
put  drops  of  clean  olive  oil,  mineral  oil,  or 
other  nonirrltatlng  oU  In  the  eyes,  and  make 
sure  that  the  person  does  not  rub  Us  eyes. 
CAUTTON:  Do  not  use  anything  except  dean, 
nonirrilating  oil  for  this  type  of  eye  li^ury. 
(NOTE:  If  large  leaks  are  taKlicated,  the  soq> 
method  should  be  used  to  detect  leaks;  for 
minute  leaks,  the  hallde  torch  should  be  em- 
ployeA.) 

Jt  R-12  comes  in  contact  with  the  sUn,  it 
may  cause  frostbite.  This  lii)ury  should  be 
treated  as  any  other  case  of  frostbite*  bnmerse 
the  affteted  part  in  a  warm  bath  f6r  about  10 
minutes,  then  dry  carefully.  DO  NOT  rob  or 
massage  ttm  affected  area. 

R-12  is  considered  a  ffadd  of  low  toxicity. 
However,  in  closed  spaces.  Ugh  concentrations 
dlaplace  the  oxygen  In  tbe  air  and  ttns  do  not 
sustain  life.  D  a  person  should  be  overcome 
by  R-12  remove  him  OfllEDIATELT  to  a  weU- 
ventllated  place  and  get  medical  attention  at  the 
eariieet  opportunity.  IRtatch  his  brwathtng.  n 
the  person  is  not  breaUring,  give  artificial 
remiiratton. 
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SHIPBOARD  ELECTRICAL  SYSTEMS 


Shipboard  electrical  systemB  include  a  great 
variety  of  equipment  which  provides  numerous 
sendees  Indispensable  to  the  operation  of  a 
modern  naval  ship.  These  systems  distribute 
power  throughout  the  ship  for  offensive  and  de- 
fensive weapons,  the  strip's  movement,  and  sh4>-> 
board  habitabai^.  S^nce  the  systems  and  equip- 
ment utilising  dectrlc  power  are  often  under 
the  cognisance  of  a  division  other  than  the 
electrical  division,  a  Joint  reqpooslbillty  tre^ 
qimilly  exists  for  the  operation,  maintenance, 
and  repair  of  electrical  systems  and  equipment 

This  chapter  provides  some  information  on 
basic  electrical  theory  and  gives  a  brief  de- 
scription of  shipboard  dectrical  systems  and 
equipment* 

BASIC  ELECTRICAL  THEORY 

The  word  electric  is  derived  frtmi  the  Greek 
word  meaning  amber.  The  ancient  Gredoi  used 
Uie  word  to  describe  flie  strongforees  of  attrac- 
tion and  repulsion  that  were  exhibited  by  amber 
after  It  had  been  rubbed  with  a  doth.  SRnee 
scientists  are  sUIl  viable  to  define  dectrlclty 
clearly,  and  since  many  of  flie  phenomena  whldi 
occur  cannot  be  compietdy  explained,  theories 
can  only  be  pcmluiated  from  the  reactiom  ol>- 
served. 

TUrough  research  and eaper I nieiit ,  sclertl Ists 
have  observed  and  described  luauy  preddable 
chamcteristics  of  electricity  and  hacvepostidated 
certain  rules  wUch  are  often  called  "laws." 
Thase  laws  of  electricity,  togettar  witt  the 
dectron  tteory,  are  tbe  basis  for  our  prwMnt 
conceiils  of  dectrldty* 

ELECTRON  THEORY 

Every  atom  Is  primarily  an  dectrlcd  sys* 
tem  wftt  high  speed  planetary  dlttSBft^^'blliag 
around  Rs  nacleos^  ThedectronyWBoneiiecBilve 
chat  Be  forms  a  natural  nnft  of  dectrlcBy,  Is 


bound  to  the  atom  by  the  positive  charge  wltliln 
tbe  nudeus. 

The  electrons  in  the  outer  orbits  of  certain 
elements  are  easily  separated  from  the  positive 
nuclei  of  their  parent  atoms.  Should  an  outside 
force  be  qnflied,  <me  of  these  loosely  bound 
dectrons  will  be  rdeased  from  the  parent 
atom,  thus  becoming  a  free  electron,  and  travel 
to  another  atcmi.  S  is  on  this  abaity  of  an  elec- 
tron to  move  about  frmn  one  atom  to  another 
that  the  dectron  theory  is  based. 

Elements  soch  as  sQver,  copper,  gold,  and 
almnlnum  have  many  loosdy  bound  electrons 
and  are  considered  to  be  good  conductors  of 
dectricity.  In  materials  used  as  taisiilators,  ; 
electron  flow  from  one  atom  to  another  is  j 
rdatlvdynon-existaity  since  the  planetary  dec-  ; 
trons  fai  the  outer  orbital  sbdls  are  more  tlgbUy  j 
bound  to  their  parent  mdei.  i 

OnflnarOy  an  atom  is  most  lUody  to  be  in  j 
that  state  In  wfaldi  the  hitemal  energy  Is  at  a  | 
mtnlnrom,  having  a  neutrd  dectricd  dmrge* 
However,  If  an  atom  absorbs  sufficient  energy  ; 
from  an  outside  sooree,  loosdy  bounddectrons 
hi  tbe  outer  orbital  ibdls  will  leave  the  atom. 
An  atom  ttat  las  lost  or  gained  one  or  more 
dec^tses  Is  said  to  be  Iss^A  V  ^  >tom  loses 
dectrons  R  becomes  posttlvdy  charged  and  Is 
referred  to  ss  a  postttve  Ion;  If  an  atom  gains 
dectromi  ft  is  rderred  to  as  a  negative  ion  and 
Is  said  to  hsEve  a  nepttve  doffge.  Apostttve  ion 
win  attract  any  free  dectron  In  fts  surround- 
ings In  order  to  readi  a  neutrd  state. 

STATIC  ELBCTRICITT 

When  two  bodes  have  u^fee  dargen,  one 
posUlve  and  other  negativWy  an  dectricd 
force  is  easrted  between  tte  two.  TUs  force  is 
ctfled  a  static  Omm  or  an  dectrostatic  force. 

A  static  ddrge  cmi  easily  he  produced  by 
Sfee  force  of  friction  wtan  two  materials  are 
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nibbed  together,  ff  the  materials  used  are  both 
good  conductors,  tt  is  difficult  to  obtain  a  de- 
tectable charge  because  equalising  currents  will 
Hem  easily  In  and  between  the  conducting  mate- 
rials.  However,  If  the  materials  used  are  poor 
conductors  (Insulators),  little  equalising  current 
can  flow  and  an  electrostatic  charge  is  built  vp. 

Charged  Bodies 

One  of  the  fundamental  laws  of  electricity 
is  that  like  charges  repel  each  other  and  unlike 
charges  attract  each  other,  A  positive  charge 
and  a  negative  charge,  being  unlike,  tend  to 
move  toward  each  other;  thns  In  the  atom  the 
negative  electrons  are  held  In  their  orbital 
sliells  by  tlie  positive  attraction  of  the  nncaeus. 

The  law  of  charged  liodles  may  be  demon- 
strated hj  a  simple  experiment  using  two  pith 
(ptpw  jnSp)  balls  snqmided  near  one  anotnsr 
by  ttreads,  ss  tfiown  tai  figure  20-1,  and  a  htfd 
rubber  rod.  ff  the  hard  rubber  rod  Is  rubbed  to 
give  tt  a  negative  charge  and  then  hdd  against 
the  rigU-band  baU  in  part  (A),  the  rod  wQl  im- 
part a  negative  charge  to  the  balL  The  right- 
hand  ball  win  be  charged  negatively  with  respect 
to  the  left-hand  baU^  and  when  rdeased  the  two 
bans  win  be  drawn  together.  When  the  two  balls 
tooch,  Oiey  wm  remain  to  contact  with  each 
otter  unto  the  left-hand  ban  acqpilres  a  portion 
of  tbe  negative  darge,  at  wfaidi  time  they  wm 
swing  apart  as  sbown  hi  part  (C)  of  figure  20-1. 
Sboidd  positive  diarffBS  be  plMed  on  both  balls, 
as  shown  hi  part  (B)  of  figare  SO-l,  the  balls 
would  also  npA  eadi  otter. 

Coolcnib's  Law  of  Charges 

The  amount  of  attracting  or  repdliag  force 
whldi  acts  between  two  dectrictfly  charged 
liodtas  In  Cpee  i 
of  fteir  I 
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Figure  20-1.— Reaction  between  diarged  bodies. 

Beetrlc  Onrent  Flow 

A  difference  of  potential  exists  between  two 
bodies  lunring  opposite  electrostatic  charges.  It 
a  patt  Is  provided  Inlween  tlie  two  hoSlBBf  elec- 
trons win  flow  from  tte  negatively  cliarged  hodf 
to  the  posftivdly  charged  body  untU  the  charges 
have  eqpndlMd  and  tbe  dlfTerence  of  potential 
no  longer  lUrtstSi  TIris  movement  of  electrons 
is  caned  electric  current.  The  rate  of  flow  Is 
measured  in  amperes,  Olie  ampere  may  lie  de- 
fined as  tbe  ham  a  one  codaab  per  second 
past  a  flsed  point  In  a  condoctor* 

The  force  or  dUEeience  la  potential  widch 
causes  dectrons  to  flow  firom  one  diarged  Ixidy 
to  anntter  is  cafied  dsctronioUfe  force  (emf). 
Qectromottve  force  is  measured  to  volts.  One 
volt  msy  be  defined  ss  Os  potential  difference 
between  two  poinfa  when  one  Joole  of  wotk  is 
re^fotred  to  move  a  oiw  cmJumlJiAarge  between 
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Magnets  may  be  found  in  the  natural  state 
In  the  form  of  an  Iron  oodde,  but  the  majority 
are  produced  by  artificial  means.  Artificial 
magnets  may  be  either  permanent  magnets  or 
tenqxxrary  magnets,  deprading  qpon  their  abUlty 
to  retain  magnetic  strength  after  the  magnetic- 
big  force  has  been  removed. 

Permanent  magnets  are  bars  of  hardened 
steel  or  other  alloy  which  have  been  perma- 
nently magnetised.  Permanent  magnets  are  used 
eitenslvely  hi  dectrlcal  instruments,  meters, 
tdephone  receivers,  and  magnetos. 

Electromagnets  are  temporary  magnets 
conqposed  of  soft-iron  cores  around  which  are 
wound  coos  of  Insulated  wire.  Electromagnets 
are  used  hi  idectric  motors,  generators,  and 
transformers.  When  an  electric  current  flows 
through  the  coH,  the  core  becomes  magnetised. 

Ibgnetlsm  Is  a  fidd  of  force  exerted  in 
space.  A  magnetic  fidd  conslsthig  of  imaginary 
Ihies  along  lAich  the  ma^etic  force  acts  sur- 
rounds each  magnet  A  visual  representation  of 
a  magnetic  fidd  can  be  obtained  by  plachig  a 
plate  of  glass  over  a  magnet  and  sprihUbigiron 
filings  onto  the  glass.  The  filings  arrange  them* 
sdves  in  a  pattern  of  definite  paths  between  flie 
petes,  along  the  magnetic  Ibies  of  force,  as 
shown  in  figure  20-2. 


Figure  2a-2.«-lfsgnetie 


Hasnette  fhp  is  the 
te  a  magpetic  field,  wtft^ 
BMsursmsBt  of  fts  deuslly( 
to  one  line  of  force  per 
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methods  of 


action  are  the  two  methods  most  commonly  used 
aboard  ship;  hence*  the  present  discussion  is 
limited  to  these  two  methods,  a  should  be  noted, 
however,  that  a  vbltage  can  also  be  produced  by 
friction,  pressure,  ligbt,  and  heat.^ 


Voltage  Produced  By 
Chemical  Action 

Chemical  energy  is  transformed  into  elec- 
trical energy  within  the  cells  of  a  battery.Sh^ 
board  uses  of  electricity  from  tliis  aource 
hidude  power  sqndy  for  emergency  lighting 
(with  dry  cell  batteries)  and  the  starttaig  of  small 
engines  (with  wet  cell  batteries). 

The  most  common  dry  cell  battery  consists 
of  a  cylindrical  zinc  container,  a  carbon  dec- 
trode,  and  an  electrtiiyte  of  ammonium  chloride 
and  water  hi  paste  form.  The  shic  contahier  is 
the  negative  dectrode  of  the  cell;  itislhied  with 
a  nonconduettaig  material  to  bisulate  it  fk^om  the 
dectrolyte.  When  a  circuit  Is  formed,  the  cur- 
rent flows  tmn  the  negative  shic  dectrode  to 
the  positive  carbon  dectrode. 

In  a  common  wet  cell  storage  battery,  the 
dectrodes  and  the  dectrdyte  are  dtered  by 
the  cbemlcd  action  that  takes  place  when  the 
cdl  ddivers  current.  Such  a  battery  may  be 
restored  to  Its  origfanl  condition  by  fordng  an 
dectric  current  throogli  it  hi  the  opposite  di- 
rection to  that  of  discharge. 

The  most  common  wet  cdl  storage  battery 
hi  use  is  the  lead-acid  battery  having  an  emf  of 
2.2  volts  per  cdl.  b  the  ftdly  chargedstate,  the 
positive  plates  are  pure  lead  peroxide  and  the 
negative  plates  are  pure  lead  immersed  in  a 
dUute  sdftiric  acid  dectrdyte. 

When  a  circuit  is  formed,  the  cbemicd  action 
between  the  ionised  dectrdyte  and  i«— ttn^lar 
metal  plates  converts  diemicd  energy  to  dec- 
brical  energy.  As  tte  storage  battwyAsdiargBS, 
the  sitfflBric  sddisdqfletedbybetaiggradimlly 
converted  to  water,  while  both  positive  and 
Mgalive  plates  are  converted  to  lead  sdlMte. 
This  chemical  reaction  is  represented  by  tbB 
foOowing  eqnattai,  thereversflHlttyof  whldi  is 
*py«l«*  upon  dectricd  energy  being  added 
<kirtng  the  charging  cyde. 
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The  capacity  of  a  battery  is  measured  in 
ampere-hours.  The  capacity  is  equal  to  the 
product  of  the  current  (In  amperes)  and  the 
time  (in  hours)  during  which  the  battery  is  sqp- 
Iflybig  this  current  to  a  given  load.  The  capacity 
dq>end8  iqpon  many  factors,  the  most  important 
of  which  are  (1)  the  area  of  theplitfes  In  contact 
with  the  electrcflyte,  (2)  the  quantity  and  specific 
gravity  of  the  electrcdyte,  (3)  the  general  ccmdi- 
tion  of  the  battery,  and  (4)  the  final  limiting 
vdltage. 

Voltage  Produced  Iqr  Magnetite 

One  of  the  most  useftil  and  widely  employed 
apidicatlons  of  magnets  Is  In  the  production  of 
vast  <|aantities  of  electric  power  from  mechani- 
cal sources.  The  mechanical  power  maybepro- 
vided  hy  a  number  of  different  devices,  ta:duding 
gasoHne  engbies,  dlesel  engtaes,  water  tur- 
bines, steam  turbines,  and  gas  turbines.  The 
final  conversion  of  these  energies  to  electricity 
is  done  by  generators  enqflqying  the  prhic^e 
of  dectrcnnagnetic  Induction. 

There  are  three  conditions  irtiich  most  exist 
before  a  voltage  can  be  produced  by  electro- 
magnetic faiduction.  Fhrst,  we  most  have  a 
magnetic  fidd;  second,  a  conductor;  and  third, 
relative  motion  between  the  field  and  the  con- 
ductor. In  accordance  with  these  conditions, 
when  a  conductor  is  moved  across  a  magnetic 
Add  so  as  to  cut  the  Ibies  of  force,  electrons 
within  the  conductor  are  forced  to  move;  thus 
a  voltage  Is  produced. 

Prodnctaig  a  voltage  by  magnetic  Induction 
Is  iUnstrated  In  figure  20-3.  If  the  ends  of  a 
conductor  are  connected  to  a  low-reaifflng  volt- 
meter or  galvanometer  and  the  coodoctor  Is 
moved  nqHdly  down  through  a  magnetic  Add, 
there  Is  a  momenfary  r^adtaig  on  fbB  meter. 
When  Out  conductor  Is  moved  up  tlnroogfa  the 
Add,  the  meter  deflects  In  the  opposite  direc- 
Uon.  S  the  conductor  is  bdd  staUonary  and  tlie 
magnet  is  moved  so  that  tlie  fidd  cots  across 
the  conductor,  the  meter  Is  deflected  bi  the  same 
manner  as  when  the  conduclor  was  moved  and 
the  naa  was  stationary. 

The  voltage  devdoped  across  the  conductor 
terminals  by  dectroiiflgneHc  Indnetion  Is  known 
as  an  lisluced  emf.  and  the  resulting  current  ttst 
flows  m  called  induced  corrent  The  taiduced 


CONDUCTOR  MOVED  CONDUCTOR  MOVED 

DOWN  UP 


CONDUCTOR 


LCrr-HANO  OCNCRATOR  RULE 


12.143 

Figure  Lett-hand  generator  rule. 

emf  exists  only  so  long  as  rdative  motion 
occurs  between  the  conductor  and  the  f  Idd. 

There  is  a  definite  relationsh^  lietween  tlie 
direction  of  fltoK,  the  direction  of  motion  of  the 
conductor,  and  tlie  direction  of  the  Induced  emf. 
When  two  of  these  directions  are  known,  ttie 
third  can  be  found  by  appljrlng  the  left-hand  rule 
for  generators.  To  f bid  the  direction  of  the  emf 
taiduced  in  a  conductor,  extend  the  thumb,  the 
bidez  finger,  and  the  second  flnger  of  the  left 
hand  at  right  angles  to  each  other,  as  shown  In 
figure  20-3.  Point  the  taidex  finger  In  the  direc- 
tion of  the  fin  (toward  the  south  pde)  and  the 
thumb  In  the  iBrection  In  vAleh  the  conductor 
is  moving  tai  respect  to  the  fidds.  The  second 
flnger  then  points  \n  the  Erection  In  which  the 
taidoced  emf  wiU  cause  the  dectrons  to  flow. 

DIRECT-CTJRBENT  dRCUTTS 

An  dectric  dreuit  Isaconvletepaththroagyi 
which  dectrons  can  flow  from  the  negative  ter- 
minal of  the  voitage  source,  throng  the  con- 
necting  wbres  (conductors),  througbttwload,  and 
bade  to  the  postttve  temriad  of  the  voltage 
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source  (fig.  20-4).  The  i^esistance^  of  a  circuit 
(opposition  to  current  flow)  controls  the  amount 
of  current  flow  tbrouc^  the  circuit.  The  unit  of 
electrical  reisistance,  the  ohm  (syndKdO),  is 
named  after  the  German  physicist  Georg  Simon 
Obm,  who  in  the  19th  century  proved  by  esqperi- 
ment  the  constant  proportionality  between  cur- 
rent and  voltage  hi  the  sinqple  electric  circuit 


•srttVOtT 
aSOURCE 
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Figure  20.4.-Simple  electric  circuit. 
OHM'S  LAW 

CXun's  law  is  ftmdamentally  linear  and  there- 
fore simple,  ft  is  exact  and  applies  to  d-c  cir- 
cuits and  devices  in  its  basic  form;  in  a  modified 
form  it  may  also  be  api>lled  to  a»c  circuits. 

Ohm's  law  may  be  stated  in  words  as:  the 
Intensity  of  the  current  (to  angperes)  in  any 
ectric  circuit  is  equal  to  the  difference  in 
potential  (in  vdts)  aoross  the  circuit  divided 
py  the  resistance  (in  dfams)  of  the  circuit  E»- 


the  resistance 
pressed  as  an  equation^  uhm's  law  becomes 

I.  J. 
*  R 


where 
I  « 


bitaistty  of  current  (in  amperes) 
difference  hi  potential  (In  v61ts) 
resistance  (In  ohms) 


D  any  two  of  these  quantities  are  known,  the 
third  may  be  found  by  applying  the  equation. 

b  addition  to  the  voit,  the  ampere,  and  the 
ohm,  the  unit  of  power  fjreqoently  qppears  in 
dectric  circuit  calcnlations.  In  a  d-c  electric 
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circuity  power  is  equal  to  the  product  of  the 
voltage  and  the  current.  Eaqnressing  the  power 
in  watts  (P),  the  current  in  amperes  (Q,  and  the 
emf  hi  volts  (E),  the  equation  is 


Ps 


The  various  implications  of  (Xun's  law  may 
be  derived  from  the  algebraic  transposition  of 
the  units  I,  E,  and  P.  A  summary  of  the  12 
basic  formulas  which  may  be  derived  from 
transposing  these  units  is  given  in  figure  20-5. 
The  unit  In  each  quadrant  of  the  smaller  circle 
Is  equivalent  to  the  quantities  in  the  same  quad- 
rant of  the  larger  circle. 

Series  Circuits 

The  analysis  of  a  series  circuit  to  determine 
values  for  vcfltage,  current,  resistance,  and 
power  is  relatively  simple,  ft^lis  necessary  only 
to  draw  or  to  visualize  the  circuiti  to  list  the 
known  values,  and  to  determine  the  unknown 
values  by  means  of  Ohm's  law  and  KIrchhoCf 's 
law  of  voltages. 

Kirchhott's  law  of  volt«^(»s  states  that  the 
algebraic  sum  of  all  the  voltages  in  any  com- 
nifltc  electrie  circuit  is  efiual  to  aero,  hi  other 
words,  the  sum  of  all  positive  vcfltages  must  be 
equal  to  the  sum  of  all  negative  vdtages.  For 
any  given  voltage  rise  there  must  be  an  equal 
voltage  drop  somevAere  in  the  circuit.  The  v(At- 
age  rise  (piotentlal  source)  Is  usually  regarded 
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Figure  20-9.— summary  of  boaic  Ghm's  law 
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as  the  power  supply,  such  as  a  battery.  The 
voltage  drop  is  usually  regarded  as  the  load, 
such  as  a  resistor.  The  vcAtage  drop  may  be 
distributed  across  a  number  of  resistive  ele- 
ments, such  as  a  string  of  lamps  or  several 
resistors.  However,  according  to  Kirchhoff's 
law,  the  sum  of  their  individual  voltage  drops 
must  always  equal  the  voltage  rise  supplied  by 
the  power  source. 

The  statement  of  Kirchhoff's  law  can  be 
translated  into  an  equation,  from  which  numy 
unknown  circuit  factors  may  be  determined. 
(See  fig.  20-6.)  Note  that  the  source  voltage  Eg 
is  equal  to  the  sum  of  the  three  load  vcAtages 
El,  E2,  and  £3.  Jn  equation  form, 

=  E  +  E  +  E^ 
8      12  3 

The  foUowing  procedure  may  be  used  to  solve 
problems  qyplicable  to  figure  20-6: 

1.  Note  the  ptilarity  of  the  source  emf  (E.) 
and  indicate  the  electron  flow  around  the  circuit. 
Electron  flow  is  out  firom  the  negative  terminal 
of  the  source,  through  the  load,  and  back  to  the 
positive  terminal  of  the  source.  In  the  example 
being  considered,  the  arrows  indicate  electron 
flow  in  a  clockwise  direction  around  the  circuit 

2.  To  Bpgij  KirchhofTs  law  it  is  necessary 
to  establish  a  voltage  equation.  The  equation  is 
developed  by  tracing  around  the  circuit  and  not- 
ing the  vcfltage  absorbed  (that  is,  the  vdltage 
drop)  across  each  part  of  the  circuit,  and  ex- 
pressing the  sum  of  these  voltages  according  to 
the  voltage  law.  ft  Is  idqxirtant  that  the  trace 
be  made  around  a  closed  circuit,  and  that  it 
encircle  the  circuit  only  once.  Thus,  a  point  is 
arbitrarily  selected  at  nAich  to  start  the  trace. 
The  trace  is  then  made  and,  iqxm  completion. 
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Figure  20-6.-*Series  circuit  for  demonstrating 
fOrchbotrs  law  of  voltages. 


the  terminal  point  coincides  with  the  Jtartiv-^ 
point. 

3.  Sources  of  emf  are  preceded  by  a  plu^ 
sign  if,  in  tracing  through  the  source,  the  fCrST 
terminal  encountered  is  positive;  if  the  first 
terminal  is  negative,  the  emf  is  preceded  by  a 
minus  sign. 

iT  V61tage  drcq;>8  along  wires  and  across 
resistors  (loads)  are  preceded  by  a  minus  sign 
if  the  trace  is  in  the  assumed  direction  of  elec- 
tron flow;  if  in  the  opposite  direction,  the  sign 
Is  plus. 

5.  U  the  assumed  direction  of  electron  flow 
is  incorrect,  the  error  is  indicated  by  a  minus 
sign  preceding  the  current,  as  obtained  in  solv- 
ing for  circuit  current.  The  magnitude  of  the 
current  is  not  affected. 

The  preceding  rules  may  be  iq^Hed  to  the 
example  of  figure  20-6  as  follows: 

1.  The  left  terminal  of  the  battery  is  nega- 
tive, the  rig^  terminal  is  positive,  andelectrm 
flow  is  clockwise  around  the  circuit 

2.  The  trace  may  arbitrarily  be  started  at 
the  positive  terminal  of  the  source  and  con- 
tinued clockwise  through  the  source  to  its  nega- 
tive terminal.  From  this  point  the  trace  is  con- 
tinued around  the  circuit  to  g,  b,  fi,  dt  and  back 
to  the  posittve  terminal,  thus  conipleting  the 
trace  once  around  the  entire  closed  circuit. 

3.  The  first  term  of  the  v(fltage  equation  is 
+E-. 

A.  The  second,  third,  and  fourth  terms  are, 
respectively,  -Ei,  -E2,  -E3.  Their  algebraic 
sum  is  equated  to  zero,  as  fallows: 


^s    ^1 "  ^2 


EgrO 


for  E^ 


Transposing  the  voltage  equaticm  andscflving 


E. 


Since  E  «  m,  from  Ohm's  law,  the  voltage 
drop  across  each  resistor  may  be  expressed  in 
terms  of  the  current  and  resistance  of  the  tndi- 
vLiual  resistor,  as  fdlows: 


E«. «  IR« 


where  Rj,  R2f  and  R3  are  the  resistances  of 
resistors  Rl,  R2,  and  R3,  respectively.  Eg  is 
the  source  voltage  and  I  is  the  circuit  current. 

Eg  may  be  expressed  In  terms  of  the  circuit 
current  and  total  resistance  as  IR^.  Substituting 
IRf  for  Eg,  the  voltage  eqmtion  becomes 

IR| «  IRj  -f  IR2  IR3 
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or 


Since  there  is  only  one  path  for  current  in 
the  series  circuit,  the  total  current  is  the  stoie 
in  all  parts  of  the  circuit.  Dividing  both  sides  of 
the  voltage  equation  by  the  common  factor  I,  an 
expnsBion  is  derived  for  the  total  resistance  of 
the  circuit  in  terms  of  the  resistances  of  the 
Individual  devices: 

Therefore,  in  series  circuits  the  total  re- 
sistance is  the  sum  of  the  resistances  of  the 
individual  parts  of  the  circuit. 

In  the  example  of  figure  20-6,  the  total 
resistance  is  S-t-lO-f  15«  30  ohms.  The  total 
current  may  be  found  Iry  applying  the  equation 

f  SO  • 

L» — =  ^«  1  ampere 

^   Rt  ^ 

power  absorbed  by  resistor  Rj  is  I^Rj^ 
^-  1^x5-  5  watts. Similarly,  the  power  absorbed 
by  R2  is  1^  X  10  s  10  watts,  and  the  power  ab^ 
sorbed  by  R3  is  1^  x  15  s  15  watts.  The  total 
power  absoibed  .is  the  arithmetic  sum  of  the 
power  of  each  resistor,  or  5  + 10  -f  15  «  30  watts. 
The  valueis  also  calculated  by  Pt  »  EtIt- 
30  X  1  «  30  watts. 

Parallel  Circuits 

The  parallel  circuit  differs  from  the  single 
series  circuit  in  that  two  or  more  resistors,  or 
loads,  are  connected  directly  to  the  same  source 
of  voltage.  There  is  accordUngly  more  than  one 
path  that  the  electrons  can  take.  The  more  paths 
(or  resistors)  that  are  added  in  parallel,  the  less 
opposition  there  is  to  the  flow  of  electronsfrom 
the  source.  This  condition  is  oiqposlte  to  the  ef- 
fect that  is  produced  in  the  series  circuit  where 
added  resistors  increase  the  opposition  to  the 
electron  flow. 

As  may  be  seen  from  figure  20-7,  the  same 
voltage  is  qyplied  across  each  of  the  parallel 
resistors.  Ih  this  case  the  voltage  fl^lied  across 
the  resistors  is  the  same  as  the  source  voltage, 

Current  flows  from  the  negative  terminal  of 
the  source  to  point  a  where  ttdivldes  and  passes 
throuf^  the  three  resistors  topointbandback  to 
the  positive  terminal  of  the  voltage  source.  The 
amount  of  current  flowing  through  each  individual 
branch  depends  on  the  source  voltage  and  on  the 
resistance  of  that  branch— llmt  is,  the  tower  the 
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Figure  20-7.-»Parallel  electric  circuit. 

resistance  of  ttie  branch,  the  higher  will  be 
the  current  through  that  branch.  The  individual 
currents  can  be  found  by  the  lyyplication  of  Ohm's 
law  to  the  individual  resistors.  Thus, 

E^ 

I1  «  —  «       6  amperes 

^1  ' 


and 


and 


30 
10 


3  anveres 


^  =  — =  S=  1  ampere 
^   R3  80 


The  total  current,  It,  of  the  parallel  circuit 
is  equal  to  the  sum  of  the  currents  through  the 
Individual  branches.  This,  in  sli^y  different 
words,  is  KirchhofPs  law.  In  this  case,  thetotal 
current  is 

|^aIj  +  l2  +  l3  =  6+  8+  l«10  amperes 


In  order  to  find  the  equivalent,  or  total, 
resistance  (Rt)  of  the  condrination  shown  in 
figure  20-7,  Ohm's  law  is  used  to  find  each  of 
the  currents  (It,  Ii,  I2,  and  U)  in  the  preceding 
fomnda.  The  total  current  &  equal  to  the  sum 
of  the  branch  currents.  Thus, 
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Eg      Eg       Eg  Eg 

or 


Both  sides  of  this  equaticxi  may  be  divided  by 
Eg  without  changing  the  value  of  the  equation; 
therefore, 

Rt    Ri    R2  R3 

^  By  means  of  the  preceding  equation  the  total 
resistance  of  the  circuit  shown  in  figure  20-7 
may  be  determined.  Thus 


m  IN  SERtES  WITH  PARALLEL  COMBINATION  OF  R2  AND  R9 

27.2S7 

Figure  20-8.— Conqpound  electric  circuit. 

The  total  resistance,  Rt,  of  figure  20-8  is 
determined  in  two  steps.  First,  the  resistance 
Ro  3  of  the  parallel  combination  of  R2  andRS  is 
deifermined  as 


and 


Rt   5  *  10  *  80 


J.-  12 
Rt"  30 


Taking  the  reciprocals  at  both  sides, 
R^  » Ig-  «  3  ohms 


A  useful  rule  to  remember  in  conq>uting  tlie 
eq^ivalent  resistance  of  a  d-c  parallel  circuit 
is  that  the  total  resistance  Is  always  less  than 
the  smallest  resistance  in  any  of  the  branches. 

In  addition  to  adding  the  individual  branch 
currents  to  obtain  the  total  current  in  aparallel 
circuit,  the  total  current  may  be  found  directly 
by  dividing  the  iq^flied  voltage  by  the  equivalent 
resistance,  R^,  For  example,  in  figure  20-7: 


«_  80 


10  amperes 


Three  or  more  resistors  may  be  connected 
in  series  and  parallel  combinations  to  form  a 
compound  circuit.  One  basic  series-parallel  cir- 
cuit composed  of  three  resistors  is  shown  in 
figure  20-8, 


*2,3  ■ 


^2^3 


3x6    18    « ^ 
I-^-.  .  _  -  2  ohms 


Rg  R3  3+6 


The  sum  of  R2  3  and  R^  (that  is,  R^  is 
Rt  =  R2,3  + ^1*2  +  2  =  4  ohms 

If  the  total  resistance,  Rt,  and  the  source 
voltage.  Eg,  are  known,  the  total  current,  I^, 
may  be  determined  by  CXun's  law.  Thus,  in 
figure  20-8, 


and 


^ab  °  ■  S  ^  2  -  10  vdits 
Ej^  =  l^R23s5x2.10vdlts 


According  to  Kirchhoff's  voltage  law,  the 
sum  of  the  voltage  drops  around  the  closed  cir- 
cuit is  equal  to  the  source  vditage.  Thus, 


or 


^ab    ^bc  * 


10  +  10  »  20  volts 


If  the  voltage  drop  E^c  across  R2  3— that  is, 
the  drop  between  points  b  and  c— is  mown,  the 
current  through  the  individual  branches  may  be 
determined  as 

U  ■  —  ■  —  ■  3.333  amperes 
^    «2  5 


499 


506 


PRINCIPLES  OF  NAVAL  ENGINEERING 


and 

According  to  Kirchhcrff's  current  law,  the 
sum  of  the  currents  flowing  in  the  Individual 
parallel  branches  is  equal  to  the  total  current. 
ThuSi 

or  . 

3. 333  'f  1. 666  =  5  amperes  (approx. ) 

The  total  current  flows  through  Rl;  at  point 
b  it  divides  between  the  two  branches  in  inverse 
proportion  to  the  resistance  ot  the  branches. 
Twice  as  much  goes  through  R2  as  through  K3 
because  R2  has  one-half  the  resistance  of  R3. 
Thus,  3.333  (or  two-thirds  oi  5)  amperes  flow 
through  R2;  and  1.666  (or  one-third  of  5)  am- 
peres flow  through  R3. 

WHEATSTONE  BRnXSE 

A  type  of  circuit  ttiat  is  widely  yjfi^Ator  pre- 
ci8i(xi  measurements  <rf  resistance  is  the  Wheat- 
stone  bridge.  The  circuit  diagram  of  a  Wheat- 
stone  bridge  is  shown  in  figure  20-9.  Rl,  R2, 
and  R3  are  precision  variable  resistors,  andR^^ 
is  the  resistor  whose  unknown  value  is  to  be 
determined.  The  galvanometer,  G,  is  inserted 
across  terminals  b  and  d  to  indicate  the  condi- 
tion ol  balance.  When  the  bridge  is  properly 


b 


— ' 

12.251 

Figure  20-9.--Wheat8tQne  bridge  circuit 
diagram. 


balanced,  there  Is  no  difference  in  potential 
across  terminals  b  and  d_and  the  galvanometer 
deflection,  when  the  switch  Is  closed,  will  be 
zero.  Should  the  bridge  become  unbalanced  due 
to  a  change  In  resistance  ol  R^,  the  difference 
of  potential  between  terminals  b  and  d  will  cause 
a  deflection  In  the  galvanometer. 

When  this  type  of  circuit  Is  used  as  a  com- 
ponent of  a  resistance  thermometer,  Rx  Is  the 
temperature-sensing  element.  The  resistance  of 
R^  varies  directly  with  the  temperature;  thus  a 
change  In  temperature  results  In  an  unbalanced 
bridge  and  a  deflection  (rf  the  galvanometer. 


DIRECT-CURRENT  GENERATORS 

A  d-c  generator  Is  a  rotating  machine  tliat 
converts  mechanical  energy  Into  electrical  en- 
ergy. This  conversion  Is  accomplished  by  rotat- 
ing an  armature,  which  carries  conductors.  In 
a  magnetic  field,  thus  Inducing  an  emf  In  the 
conductors. 

A  d-c  generator  (fig.  20-10)  consists  essen- 
tially of  a  steel  frame  or  ycke  containing  the 
pde  pieces  and  field  windings;  an  armature  con- 
sisting of  a  group  of  copper  conductors  mounted 
In  a  slotted  cylindrical  core;  a  commutator  for 
maintaining  the  current  In  one  dlrectlcxi  through 
the  external  circuit;  and  brushes  with  brush 
hcAders  to  carry  the  current  from  the  commu- 
tator to  the  external  load  circuit. 

the  frame,  in  addition  to  providing  mechan- 
ical support  for  the  pole  pieces,  serves  as  a 
portion  of  the  magnetic  circuit  In  that  It  pro- 
vides a  path  for  the  magnetic  flux  between  the 
pdles. 


73.161 

Figure  20-10.— A  d-c  generator. 


500 


Chapter  20.  -SHIPBOARD  ELECTRICAL  SYSTEMS 


GENERATING  A  VOLTAGE 

The  field  windings  of  ad-c  generator  receive 
current  either  from  an  external  d-c  source  or 
directly  across  the  armature,  thus  becoming 
electromagnets.  They  are  connected  so  that  they 
produce  alternate  northandsouthpoles  and,  when 
energized,  they  establish  magnetic  flux  hi  the 
field  yoke,  pole  pieces,  air  gap,  and  armature 
core,  as  shown  in  figure  20-11. 

The  armature  Is  mounted  on  a  shaft  and  is 
rotated  through  the  field  by  an  outside  energy 
source  (prime  mover).  Thus  we  have  a  magnetic 
field,  a  conductor,  and  relative  motion  between 
the  two-- which,  it  will  be  remembered,  are  the 
three  essentials  for  producing  a  voltage  by  mag- 
netism. Jt  the  output  of  the  armature  is  con- 
nected across  the  field  windings,  the  voltage 
and  the  field  current  at  start  will  be  small 
because  of  the  small  residual  flux  in  the  field 
poles.  However,  as  the  generator  continues  to 
run,  the  small  vcfltagQ  across  the  armature  will 
circulate  a  small  current  through  the  field  coils 
and  the  field  will  become  stronger.  In  a  self- 
excited  generator,  this  action  causes  the  gen- 
erator voltage  to  rise  quickly  to  the  proper  value 
and  the  machine  is  saidto'^ildiq^^'  its  voltage. 

The  simplest  generator  armature  winding  is  a 
locqp  or  single  coil.  Rotating  this  loop  in  a  mag- 
netic field  will  induce  an  emf  whose  strength 
is  dependent  upon  the  strength  of  the  magnetic 
field  and  the  speed  of  rotation  of  the  conductor. 

A  singtle-coil  generator  with  each  coil  ter- 
minal connected  to  a  bar  of  a  two-segment 
metal  ring  is  shown  in  figure  20-12.  The  two 


27.248.1 

Figure  20-11.— BSagnetlc  circuit  of  a  2-pole 
generator. 
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Figure  20-12.--Sing^e-coil  generator 
with  commutator. 


segments  of  the  split  ring  are  insulated  from 
each  other  and  the  shaft,  thus  forming  a  simple 
conunutator  which  mechanically  reverses  the 
armature  coU  connections  tothe  external  circuit 
at  the  same  tastant  that  the  direction  of  gener- 
ated voltage  reverses  in  the  armature  coil. 

The  emf  developed  across  the  brushes  is 
pulsating  and  unidirectional.  Figure  20-13  is  a 
graph  of  the  pulsating  emf  for  one  revolution  of 
a  single-loop  armature  in  a  2-pole  generator. 
A  pulsating  direct  voltage  of  this  characteristic 
(called  ripple)  is  imsultable  for  most  applica- 
tions. Li  practical  generators,  more  coils  and 
more  commutator  bars  are  used  to  produce  an 
output  voltage  waveform  wlthless  ripple.  Figure 


41.10 

Figure  20-13.— Pulsathig  voltage  from  ashigle- 
coil  armature. 
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?t  ****  'eduction  In  ripple  obtained  by 

the  use  of  two  coUs  instead  of  one.  Since  there 
are  now  four  commutator  segmeite  wd  oS? 

tr-«**??®f'  "'^^'^^  fallaSioweJ 
than  potat  A;  therefore,  the  ripple  is  limited  bJ 
Uie  rijje  and  fall  between  points^  and  B  By 


AEVOLUnONS 

Figure  20-14.-Voltage  from  atwo-coU 
armature. 
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TYPES  OF  D-C  GENERATORS 

corSntf!f*1f"*°"'        "^'""y  Classified  ac- 
cording to  the  manner  in  whichthe  field  wtadines 
^e  comiected  to  the  armature  circuit  Tfij  zo! 

cat^l  d-c  generator  is  indi- 

SJIieWnH.nl"'^*  ^  "»<='»ine 

uie  neid  windings  are  energized  from  a  d-e 
source  other  than  its  own  arnSture. 

'^'^  generators  may  be  of  three 
types,  as  tadicated  In  part  B  of  figure  20X5 
8«nf  ftor  has  its  field  wiSuis  con- 
necRaiarallel  with  the  armature,  wheJaw  the 

nected  to  swigs  ^ith  the  armature.  The  j^J- 

SfteJdl^C 

»  liji»»t  series  field  J^j;tog  (rtte 
same  poles  with  the  shunt  field  windinls/Twl 


type  of  generator  has  good  voltage  reeulation 

^SS'Sf'IfV^'  same  fimJ  fStSS 

good  parallel  operation. 

VOLTAGE  CONTROL 

m»fy?*T  ^^^^^  manual  or  auto- 

matic. In  most  cases,  the  process  involves 
changing  the  resistance  of  the  field  cS 

control  ^  the  terminal,  voltage.  The  major  dS- 
ference  between  the  various  voltage™!Sat^ 
systems  is  merely  the  method  by  S  £ 
field  circuit  resistance  is  controlled. 

DIRECT-CURRENT  MOTORS 

ti»ii'?fi.*'°"^"'°**°"  *  **-<5  w^Otor  I**  essen- 
tially the  same  as  that  of  a  d-c  generator  The 

'''^^'^^  mechaniLl  eSrS 
electriaa  energy,  and  the  d-c  motor  c(Serts 
the  electrical  energy  into  mechanlSl 

t^:^  £"*"J°r    ^    t°  functtrjfi 

motor  by  applying  a  suitable  source  of  direct 
ierXs.''*^'  «»«<^i^^ 
There  are  various  types  of  d-c  motors 
depending  upon  the  way  in  which  the  field  cSls 

t^t  ^'^•^        ^  characteJiJtiS 

ttajt^are  advantageous  under  given  loadcondi- 

Sai«t  motors  have  the  field  coUs  connected 

to  paraUel  with  the  armature  circuit,  mi  S 

of  motor.  With  constant  potential  arolied  ^! 

:f*abte  torque  at  Liessentl!^'Si£; 

f  "^f  changtogioad conditions,  ' 
loads  are  found  in  drives  for  such  machin^  shoo 

planers,  and  shapers.  '  } 

to  slgSfwT^Sf  <^««'ected  / 

motSr  »iS  "»a*ure  circuit.  Thistype of 
motor,  witli  constant  potential  applied,  develoos 

SJi^iVrr  »t««Peedv,SJswTde1rS 
changing  load  conditions.  The  speed  of  a  series 
motor  is  low  under  heavy  loS  but  iJomS 
Sf^n^'^  Wghunder  ligjfloads.      es  mSS« 

h"rstS,°r&br  *°  "'^^  ^^^^^-^^ 

J  ^  »«'ies  with  tte 

mature  circuit.  The  compound  motor  devel^s 
an  lncreMedstartU« torque overtheshiuSr^ 
^  has  less  variation  to  speed  than  the  serieS 
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SHUNT 


(A) 

SEPARATE  EXCITATION 


SERIES  COMPOUND 
(I) 


SELF  EXCITATION 


147.122 


Figure  20-15.->Type8  of  d-c  generators. 


The  operation  of  a  d-c  motor  depends  on  the 
principle  that  a  current-carrying  conductor 
placed  In,  and  at  right  angles  to,  a  magnetic 
field  tends  to  move  at  right  angles  to  the  direc- 
tion of  the  field.  A  convenient  method  of  deter- 
mining the  direction  of  motion  of  a  current- 
carrying  conductor  in  a  magnetic  field  Is  by 
use  of  the  ri^t-hand  motor  rule  for  electron 
flow  (fig.  20-16).  Extend  the  thumb,  index  finger, 
and  second  finger  of  the  right  hand  at  right 
angles  to  each  other,  with  the  Index  finger 
pointed  in  the  direction  of  the  flux  (toward  the 
south  pole)  and  the  second  finger  pointed  in  the 
direction  of  electron  flow.  The  thumb  then  points 
in  the  direction  of  motion  of  the  conductor  with 
respect  to  the  f leld, 

ALTERNATING-CURRENT  THEORY 

Just  as  a  current  flowing  In  a  conductor 
produces  a  magnetic  field  around  the  conductor, 
the  reverse  of  this  process  Is  true.  A  voltage 
can  be  generated  in  a  circuit  by  moving  a  con- 
ductor so  that  it  cuts  across  lines  of  magnetic 
force  or,  conversely,  by  moving  the  lines  of 
force  so  that  they  cut  across  the  conductor.  An 
a-c  generator  utilizes  this  principle  of  electro- 
magnetic induction  to  convert  mechanical  energy 
into  electrical  energy. 

In  the  case  of  alternating  current,  electrons 
move  first  in  one  dlrectl(xi  and  then  in  the  other. 
Thus  the  direction  of  the  current  reverses 
periodically  and  the  magnitude  of  the  voltage  is 
constantly  changing.  This  variation  in  current  is 
represented  graphically  in  sine  waveform  in 
figure  20-17. 


The  vertical  projection  (dotted  line  in  fig. 
20-17)  of  a  rotating  vector  may  be  used  to 
represent  the  voltage  at  any  instant.  Vector 
represents  the  maximum  voltage  induced  in  a 
conductor  rotating  at  imlform  speed  in  a  2-pole 
field  (points  3  and  9).  The  vector  is  rotated 
counterclockwise  through  one  complete  revolu- 
tion (SeO"").  The  point  of  the  vector  describes  a 
circle.  A  line  drawn  from  the  point  of  the  vector 
perpendicular  to  the  horizontal  diameter  of  the 
circle  is  the  vertical  projection  of  the  vector. 

The  circle  also  describes  the  path  of  the 
conductor  rotating  in  the  bl-pdlar  field.  The 
vertical  projection  of  the  vector  represents  the 
voltage  generated  in  the  conductor  at  any  instant 
corresponding  to  the  position  of  the  rotating 
vector  as  indicated  by  angled.  Ant^etf  repre- 
sents selected  Instants  at  which  the  generated 
voltage  is  lAotted.  The  sine  curve  plotted  at  the 


12.143 

Figure  20-16.— Right-hand  motor  rule  for 
electron  flow. 
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Figure  20-17.— Generation  of  sine-wave  voltage. 


41.19 


right  of  the  figure  represents  successive  values 
of  the  a-c  V(dtage  Induced  In  the  conductor  as 
It  moves  at  uniform  speed  through  the  2-pole 
field,  becausei  the  Instantaneous  values  of  rota- 
tionally  induced  vdltage  are  proportional  to  the 
sine  of  the  ang^e  tf  that  the  r  otating  vector  makes 
with  the  horizontal. 

The  sine  wave  in  figure  20-17  represents  one 
coniidlete  revolution  of  the  armature  or  one 
voltage  cycle.  The  frequency  of  a-c  voltage  Is 
measured  in  cycles  per  second  (cps)  and  may 
be  determined  by  the  following  formula: 

^  .  Pxrpm 

where 

f  ■  frequency  (in  cps;  according  to  the 
National  Bureau  of  Standards  %)ecial 
Publication  304,  frequency  in  cycles 
per  second  in  the  btemational  Systems 
of  Units  is  esqpressed  as  Hertz  (E^). 
One  hertz  eq^als  one  cycle  per  second.) 
rpm  m  revduticms  per  minute 

P  ■  number  of  pedes  in  the  generator 


A  generator  made  to  deliver  60  cpa^  and 
having  two  field  poles,  would  need  an  armature 
designed  to  rotate  at  3600  rpm. 

PROPERTIES  OF  A-C  CIRCUITS 

Resistance,  the  oppositim  to  current  flow, 
has  the  same  effect  in  an  a-c  circuit  as  it  does 
in  a  d-c  circuit.  However,  in  the  application  of 
Ohm's  law  to  a-c  circuits,  other  properties 
must  be  taken  into  consideration. 

Liductance  is  that  prqperty  which  opposes 
any  change  in  the  current  flow  and  caiwtcltance 
is  that  property  vhich  opposes  any  change  in 
voltage.  Since  a-c  current  is  constantly  chang- 
ing in  magnitude  and  directioDi,  the  properties 
of  inductance  and  capacitance  are  always  pres- 
ent. 

The  amount  of  opposition  to  current  flow  in 
an  inductive  circuit  is  referred  to  as  its  inductive 
reactance,  X^^.  (The  value  of  inductive  reactance 
(in  ohnus)  depends  on  the  inductance  of  the  circuit 
and  the  frequency  of  the  iqn>lied  voltage.  Ex- 
pressed in  equation  form, 

3L  -2irfL 
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^rhere 


t 
L 


-  Inductive  reactance,  In  ohms 
.=  3.1416 

=  frequency,  in  cycles  per  second 
=  inductance,  in  henrys 


The  current  flowing  In  a  ciqpc^citive  circuit 
is  directly  proportional  to  the  c^)acitanceandto 
the  rate  at  which  the  sq[>plied  voltage  is  changing. 
The  rate  at  which  the  voltage  changes  is  deter- 
mined by  the  frequency.  The  value  of  the  ciqpaci- 
tive  reactance,  Xg,  is  inversely  proportional  to 
the  capacitance  ex  the  circuit  and  the  frequency 
of  the  applied  voltage.  Thus, 


asrfC 


where 

X(S  m  capacitive  reactance,  in  ohms 
^    «  3.1416 

f    8  frequency,  in  cycles  per  second 
C    =  capacitance,  in  farads 

The  effects  a!  capacitance  and  Inductance  in 
an  a-c  circuit  are  exactly  opposite.  Inductive 
reactance  causes  the  current  to  lag  the  applied 
voltage  and  capacitive  reactance  causes  the  cur- 
rent to  lead  the  applied  voltage.  These  effects 
tend  to  neutralize  each  other,  and  the  combined 
reactance  is  the  difference  between  the  hidividual 
reactances. 

The  total  opposition  offered  to  the  flow  of 
current  in  an  a-c  circuit  is  the  impedance.  Z. 
The  impedance  of  a  circuit,  e3q>ressed  in  ohms, 
is  composed  of  the  capacitive  reactance,  the 
inductive  reactance,  and  the  resistance. 

The  effects  of  capacitive  reactance,  inductive 
reactance,  and  resistance  in  an  a-c  circuit  can 
be  shown  graphically  by  the  use  of  vectors.  For 
example,  consider  the  series  circuit  shown  In 
part  A  of  figure  20-18. 

The  vector  representation  of  the  reactances 
is  shown  in  part  B  of  figure  20-18.  Because  the 
inductive  reactance  and  the  capacitive  reactance 
are  exacfly  opposite,  they  are  subtracted  dl- 
recUy  and  the  difference  shown  in  part  C  of 
figure  20-18  as  capacitive  reactance.  The  re- 
sultant is  found  vectprlally  by  constructing  a 
parallelogram,  as  shown  in  part  D  of  figure 
20-18.  The  resultant  vector  is  also  the  hypote- 
nuse of  a  rij^t  tclant^e;  therefore. 


B 


X  -X 


Figure  20-18.^Vector  solution  of  an  a-c 
circuit. 

In  accordance  with  (Xun's  law  for  a-c  cir- 
cuits, the  effective  current  through  a  circuit  is 
directly  proportional  to  the  effective  voltage  and 
hnrersely  proportional  .to  the  impedance.  Thus, 


I  "  ^ 


where 


Z=  Vr2  +  (Xc  -Xl)2 


I  =  current,        in  amperes 
E  =  emf ,  in  volts 
Z  »  impedance,  in  duns 

A-C  GENERATORS 

Most  of  the  electric  power  for  use  aboard 
ship  and  ashore  is  generated  by  alternating- 
current  generators. 

A-c  generators  are  made  in  many  different 
sizes,  depending  ttpon  their  Intended  use.  For 
example,  any  one  of  the  generators  at  Boulder 
Dam  canproduce  millions  of  volt-amperes,  while 
generators  used  on  aircraft  produce  only  a 
few  thousand  volt-amperes. 

Regardless  of  size,  however,  all  generators 
operate  on  the  same  basic  principle:  a  magnetic 
field  cutting  through  conductors,  or  conductors 
passing  throut^  a  magnetic  field.  Thus  all 
generators  will  have  at  least  two  distinct  sets 
of  conductors.  They  are  (1)  a  group  of  conductors 
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in  which  the  output  voltage  Is  generated,  and 
(2)  a  group  of  conductors  throu^  which  direct 
current  is  passed  to  obtain  an  electromagnetic 
field  of  fixed  direction.  The  conductors  inwhich 
the  output  voltage  is  generated  are  always  re- 
ferred to  as  the  armature  windings.  The  con- 
ductors in  which  the  electromipietic  field 
originates  are  always  referred  to  as  the  field 
windings. 

In  addition  to  the  armature  and  field,  there 
must  also  be  relative  motion  between  the  two. 
To  provide  this  relative  motion,  a-c  generators 
are  built  in  two  major  assemblies— the  stator 
and  the  rotor.  The  rotor  rotates  inside  the 
stator.  The  rotor  may  be  driven  by  any  one  of 
a  number  of  conunonly  used  prime  movers, 
including  steam  turbines,  gas  turbines,  and  in- 
ternal combustion  engines. 

TYPES  OF  A-C  GENERATORS 

In  the  revolving-armature  a->c  generator, 
the  stator  provides  a  stationary  electromagnetic 
field.  The  rotor»  acting  as  the  armature,  re- 
volves in  the  field,  cutting  the  lines  of  force, 
producing  the  desired  o\Ap\A  voltage.  In  this 
generator,  the  armature  output  Is  taken  through 
sllprlngs  and  thus  retains  Its  alternating  char- 
acteristics. 

For  a  number  of  reasons,  the  revolving- 
armature  a-c  generator  is  seldom  used.  Its 
primary  limitation  is  the  foct  that  its  ou^ 
power  is  conducted  throuc^  sliding  contacts 
(sllprlngs  and  brushes).  These  contacts  are 
subject  to  frlctlonal  wear  and  sparking.  In 
addition,  they  are  esqposed,  and  thus  llaUe  to 
arc-over  at  hl{^  voltaf^s.  Consequently,  re- 
volving-armature generators  are  limited  to 
iq;>pllcatlons  of  low  power  and  low  voltage. 

The  revolvlng-fleld  a-c  generator  tflg.  20- 
19)  is  fkr  the  most  commonly  used  type.  In 
this  type  of  generator,  dL'^ect  current  from  a 
separate  source  is  passed  throu^  windbigs  on 
the  rotor  by  means  of  sllprlng9  and  brushes. 
This  nmlntalns  a  rotating  electromagnetic  field 
of  fUed  pdlarlty  (similar  to  a  rotating  bar  mag- 
net). The  rotating  magnetic  field,  following  the 
rotor,  e?;tends  outward  and  cuts  throuf^  the 
armature  windings  embedded  In  the  surrounding 
stator.  As  the  rotor  turns,  alternating  voltages 
are  induced  In  the  windings,  since  magnetic 
fields  of  first  one  pcflarity  and  then  the  other 
cut  through  them.  Since  the  ou^  power  Is 
taken  from  statlcmary  windings,  the  ou^  may 
be  connected  throu^  fixed  terminals  directly 
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Figure  20-19.— Essential  parts  of  a  rotating- 
fleld  a-c  generator. 

to  the  external  loads,  as  through  terminals  Tl 
and  T2  In  figure  20-10.  This  is  advanti^eous 
because  there  are  no  sliding  contacts  and  the 
whole  output  circuit  is  continuously  insulated, 
thus  minimising  the  danger  of  arc-over. 

Sllprlngs  and  brushes  are  still  used  on  the 
rotor  to  siqndy  direct  current  to  the  field;  they 
are  adequate  for  this  purpose  because  the  power 
level  In  the  f^eld  is  much  lower  than  in  the  ar- 
mature circuit. 

THREE-PHASE  OENERAT(»S 

The  three-phase  a-c  generator  has  three 
single-phase  windings  spaced  so  that  the  voltage 
Induced  In  each  winding  is  120^  out  of  phase 
with  the  voltages  In  the  other  two  windings.  A 
schematic  diagram  of  a  three-phase  stator 
showing  all  the  coils  becomes  complex  and  is 
difficult  to  understand.  A  simplified  schematic 
diagram,  showing  all  the  wlndlnc^  of  a  sln^e 
phase  as  one  winding.  Is  given  In  figure  20-20. 
The  rotor  Is  omitted  for  the  sake  of  simplicity. 
The  waveforms  of  voltage  are  shown  to  the 
right  of  the  schematic.  The  three  voltages  are 
120*"  apart  and  are  similar  to  the  vdltages  that 
would  be  generated  by  three  single-phase  a-»c 
generators  whose  voltages  are  out  of  phase  hy 
angles  of  120^  The  three  phases  are  independ- 
ent of  each  other. 

Rather  than  have  six  leads  come  out  of  the 
three-phase  alternator,  one  of  the  leads  from 
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Figure  20-20.»Three-pha8e  a^c  generator. 

each  pbaae  may  be  connected  to  form  acommon 
Junction.  The  stator  ia  then  called  a  wye^ 
connected  or  star^connected  atator.  The  com- 
mon lead  may  or  may  not  be  brou^  out  of  the 
machine.  It  it  is  brou^t  out/  it  is  called  the 
neutral.  The  simplified  schematic  diagram  (fig. 
20-20)  shows  a  wye-c(mnected  stator  with  the 
common  lead  not  brought  out  Each  load  is  con- 
nected across  two  phases  hi  series.  Thus, 
is  connected  across  phases  A  and  B  hi  series, 
is  connected  across  phases  A  and  C  in 
serieSi  aqd  is  connected  across  phases  B 
and  C  in  series.  Thus  the  vdtage  across  each 
load  is  larger  than  the  voltage  across  a  single 
phase.  The  total  voltage,  or  line  voltage,  across 
any  two  phases  is  the  vector  sum  of  the  indi- 
vidual phase  voltages.  For  balanced  conditions, 
the  line  vcfltage  is  1.73  times  the  phase  vdtage^ 
Since  there  is  only  one  path  for  current  in  a 
Ibie  wire  and  the  phase  to  which  it  is  connected, 
the  line  current  is  equal  to  the  phase  current. 

A  three-phase  stator  can  also  be  connected 
so  that  the  phases  are  connected  end  to  end,  as 
shown  hi  figure  20-20.  This  arrangement  is 
called  a  delta  connection,  hi  the  delta  connec- 
tion, the  Ihie  voltages  are  equal  to  the  phase 
voltages.  The  line  currents  are  eqyal  to  the 
vector  sum  of  the  phase  currents.  The  Ihie  cur- 
rent is  eq^al  to  1.73  times  the  phase  current, 
when  the  loads  are  balanced. 

VOLTAGE  REGULATION 

When  the  load  onana-c  generato(?  is  changed, 
the  termbua  vdltj^'  varies  with  the  load.  The 


amount  of  variation  depends  on  the  design  of 
the  generator  and  on  the  amount  of  reactance 
from  the  inductive  or  capacitive  loads.  Under 
practical  shipboard  operating  conditions,  the 
load  varies  widely  with  the  starting  and  stoi»ping 
of  motors. 

The  only  practicable  way  to  regulate  the 
voltage  output  of  an  a- c  generator  is  to  control 
the  strength  of  the  rotating  magnetic  f ield«  The 
strength  of  the  electromagnetic  field  may  be 
varied  by  changing  the  amount  of  current  flow- 
ing through  the  coll,  which  is  done  by  connecting 
a  rheostat  hi  series  with  the  coil.  Thus,  vdtage 
regulation  in  an  a-c  generator  is  accomplished 
by  varying  the  field  current.  This  allows arela- 
tively  large  a-c  vdtage  to  be  controlled  by  a 
much  smaller  d-c  vdtage  and  curreuA. 

Shice  manual  adjustment  of  a-c  voltage  is 
not  practicable  when  the  load  fluctuates  rapidly, 
automatic  voltage  regulators  are  used.  The  con- 
struction and  operathig  prhiciples  of  vdtage 
regulators  varies;  however,  the  essential  func- 
tion of  any  voltage  regulator  is  to  use  the  a-c 
output  voltage,  which  the  regulator  is  designed 
to  control,  as  a  senshig  influence  to  control  the 
amount  of  current  the  exciter  supplies  to  its 
own  control  field. 

TRANSFORBSERS 

A  transformer  (fig.  20-21)  is  an  a-c  device 
that  has  no  moving  parts  and  that  transfers 
energy  from  one  circuit  to  another  by  electro- 
magnetic Uiducticm.  The  energy  is  always  trans- 
ferred without  a  change  in  frequency  butusually 
with  changes  in  voltage  and  current.  A  step-up 
transformer  receives  electrical  energy  at  one 
vcAtage  and  delivers  it  at  a  higher  voltage.  A 
stepdown  transformer  receives  electr  leal 
energy  at  one  voltage  and  delivers  it  at  a  lower 
voltage.  Transformers  are  not  used  on  direct 
current. 

The  conventional  constant-potential  trans- 
former is  designed  to  operate  with  the  primary 
connected  across  a  constant-potential  source 
and  to  provide  a  secondary  voltage  that  is  sub- 
stantially constant  from  no  load  to  full  load. 

Various  types  of  small  slngie-pliase  trans- 
formers are  used  on  shipboard  equipment.  In 
many  instaUrttions,  transformers  are  used  on 
switchboa^>jla  to  step  down  the  voltage  for  indi- 
catbig  lights.  Low-voltage  transformers  are 
hiduded  hi  some  motor  contrd  panels  to  supply 
control  circuits  or  to  operate  overload  relays. 
Other  commcMi  uses  include  low-voltage  supjily 
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Figure  20.21.--Singrle-phase  transformer. 
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for  gunfiring  circuits,  special  signal  lights,  and 
high-voltage  Ignition  circuits. 

The  typical  transformer  has  two  windings 
which  are  electrically  Insulated  ftom  each  other. 
These  windings  are  wound  on  a  common  mag- 
netic circuit  made  of  laminated  sheet  steel. 
The  principal  parts  are  the  core,  whlchnrovldes 
a  circuit  of  low  reluctance  for  the  magnetic 
fltix;  the  primary  winding,  which  receives  the 
euergy  from  the  a-c  source;  and  the  secondary 
winding,  which  receives  the  energy  by  mutual 
Induction  from  the  primary  and  delivers  it  to 
the  load. 

When  a  transformer  is  used  to  step  up  the 
voltage,  the  low- voltage  wlndli^  is  the  primary. 
When  a  transformer  is  used  to  step  down  the 
voltage,  the  hl^- voltage  winding  is  the  primary. 
The  primary  Is  alwa  .  connected  to  the  source 
of  the  power;  the  sec  Ary  Is  always  connected 
to  the  load,  ft  is  commonpractlce  to  refer  to  the 
windings  as  the  primary  and  the  secondary, 


rather  than  as  the  high-voltage  and  the  low- 
voltage  windings. 

The  operation  of  the  transformer  Is  based 
on  the  principle  that  electrical  energy  can  be 
transferred  efficiently  by  mutual  Induction  from 
one  winding  to  another.  When  the  primary  wind- 
ing Is  energized  from  an  a-c  source,  an  alter- 
nating magnetic  Oux  is  established  In  the  trans- 
former core.  This  flux  links  the  turns  of  both 
primary  and  secondary,  thereby  Inducing  volt- 
ages In  them.  Because  the  same  flux  cuts  both 
windings,  the  same  voltage  Is  Induced  In  each 
turn  of  both  windings.  Hence  the  total  Induced 
voltage  In  each  winding  Is  proportional  to  the 
number  of  turns  In  that  winding.  That  Is, 

E2  *  N2 

where  and  E2  are  the  Induced  voltages  In  the 
prlxnary  and  secondary  windings,  respectively. 
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and  and  N2  are  the  number  of  turns  hi  the 
primary  and  secondary  windings,  respectively. 
In  ordinary  transformers,  the  induced  primary 
voltage  is  almost  equal  to  the  iqn^ied  primary 
voltage;  hence,  the  iqn>li^  Primary  voltage  and 
the  secondary  Inducedvcfltage  are  approximately 
proportional  to  the.  respective  number  of  turns  in 
the  two  windings. 

A-C  MOTORS 

A-c  motors  are  manufoctured  in  many  dif- 
ferent sizes,  shapes,  and  ratings  for  use  in  a 
wide  variety  of  applications.  Since  this  discus- 
sion cannot  possibly  cover  all  aspects  of  all 
kinds  of  a-c  motors,  it  will  be  limited  to  the 
pcAyphase  induction  motor.  Information  on  other 
types  of  motors  may  be  found  in  Basic  Elec- 
tricity. NavPers  10086- A,  and  in  various  manu- 
faeturers'  technical  manuals. 

The  induction  motor  is  a  widely  used  type  of 
a-c  motor  because  it  is  simple,  rugged,  and 
ine^qpensive.  It  consists  essentially  of  a  stator 
and  a  rotor;  it  can  be  designed  to  suit  most 
applications  requiring  constant  speed  and  vari- 
able torque. 

The  stator  of  a  pdlyphase  induction  motor 
consists  of  a  laminated  steel  ring  with  slots  on 
I  the  inside  circumference.  The  stator  windbig 
i  is  similar  to  the  a-c  generator  stator  wbidbig 
and  is  generally  of  the  two-layer  distributed 
preformed  type.  Stator  phase  windings  are  sym- 
:  metrically  pAaced  on  the  stator  and  may  be  either 
wye  connected  or  delta  connected* 

Most  induction  motors  used  by  the  Navy  have 
a  cage-type  rotor  (fig.  20-22)  consisting  of  a 
laminated  cylindrical  core  with  parallel  slots  la 
the  outside  circumference  to  hold  the  windbigs 
in  place.  The  rotor  winding  is  constructed  of 
individual  short  circuited  bars  connected  to  end 
rings. 

In  induction  motors,  the  rotor  currents  are 
jsupplied  by  electromagnetic  induction.  The 
stator  windings  contain  two  or  more  out-of- 
jtlme-phase  currents  whichproduce  correspond- 
ing magnemotlve  forces  which  establish  a  ro- 
itating  magnetic  field  across  the  air  gap.  This 
jniagnetic  field  rotates  continuously  at  constant 
bpeed,  regardless  of  the  load  on  the  motor.  The 
Istator  winding  r  orresponds  to  the  primary  wind- 
ling  of  a  transformer. 

I  The  induction  motor  derives  its  name  from 
■the  fkct  that  mutual  inducticm  (transformer 
■action)  takes  place  between  the  stator  and  the 
■rotor  under  operating  conditions.  The  magnetic 


Figure  20-22.— Cage-type  induction  motor  rotor. 


revolving  field  produced  by  the  stator  cuts 
across  the  rotor  conductorSi  thus  inducing  a 
vcdtage  in  the  conductors  which  causes  rotor 
current  to  flow.  Etence,  motor  torque  is  de- 
veloped by  the  irfteraction  of  the  rotor  current 
and  the  magnetic  revolving  field. 

POWER  DISTRIBUTION  SYSTEM 

The  power  distribution  system  is  the  <;on- 
necthdg  link  between  the  generators  that  supply 
electric  power  and  the  electrical  equipment  that 
utilizes  this  power  to  furnish  the  various  serv- 
ices necessary  to  operate  the  ship.  The  power 
distribution  system  includes  the  ship's  service 
power  distribution  system,  the  emergency  power 
distribution  system,  and  the  casiialty  power  dia- 
tribution  system. 

Most  a-c  power  distribution  systems  on  naval 
ships  are  450-volt,  three-phase,  OO-cydCi 
three-wire  systems.  The  lighting  distribution 
systems  are  US-volt,  three-phase,  60-cycle, 
three-wire  systems  supplied  from  the  power 
circuits  through  transformer  banks.  On  some 
ships,  the  weapons  systems,  some  LC.  circuits, 
and  aircraft  starting  circuits  receive  electrical 
power  from  a  400-cps  system. 

SHIP'S  SERVICE  POWER 

The  ship's  service  power  distribution  system 
is  the  electrical  S]rstem  that  normally  supplies 
electric  power  to  the  ship's  equipment  and  ma- 
chinery. The  switchboards  and  associated  gen- 
erators are  located  in  separate  engineering 
spaces  to  minimisse  the  possibility  that  a  stiigLe 
hit  will  damage  more  than  one  switchboard. 
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The  ship's  service  generators  and  distribu«* 
tion  switchboards  are  interconnected  by  bus  ties 
80  that  any  switchboard  can  be  connected  to  feed 
power  from  its  generator  to  one  or  more  of  the 
other  switchboards.  The  bus  ties  also  connect 
two  or  more  switchboards  so  that  the  generator 
plants  can  be  aperaXed  inparallel  (or  the  switch- 
boards can  be  isolated  for  split-plant  operation). 

In  large  installations,  power  distribution  to 
loads  is  from,  the  generator  and  distribution 
switchboards  or  switchgear  groups  to  load  cen- 
ters, to  distribution  panels,  and  to  the  loads, 
or  dlvectly  from  the  load  centers  to  some  loads. 

On  some  ships,  such  as  large  aircraft  car- 
riers, a  system  of  zone  control  of  the  ship's 
service  and  emergency  power  distribution  is 
provided.  Essentially,  the  system  eMablishes  a 
number  of  vertical  zones,  each  of  which  ,  con- 
tains one  or  more  load  center  switchb<^ds 
siqpplied  through  bus  feeders  from  the  ship's 
service  switchgear  group.  A  load  center  switch- 
board supplies  power  to  the  electrical  loads 
within  the  electrical  zone  hi  which  it  is  located. 
Thus,  zone  coritrol  is  provided  for  all  power 
within  the  electrical  zone.  The  emergency 
switchboards  may  supply  more  than  one  zone, 
dependhig  on  the  number  of  emergency  genera- 
tors installed.  Figure  20-23  shows  the  ship's 
service  and  emergency  power  distribution  sys- 
tem In  a  large  aircraft  carrier. 

.  In  (Smaller  histallations  (fig.  20-24)  the  dis- 
tribution panels  are  fed  directly  from  the 
generator  and  distribixtion  switchboards.  The 
distribution  panels  and  load  centers  (if  any)  are 
located  centrally  with  resjpect  to  the  loads  they 
feed  to  simplify  installation.  This  arrangement 
also  requires  less  weight,  space,  and  equipment 
than  If  each  load  were  connected  to  a  switch- 
board. 

At  least  two  Independent  sources  of  power 
are  provided  for  selected  vital  loads  through 
automatic  bus  transfer  equipment.  The  normal 
and  alternate  feeders  to  aconunonloadrunfrom 
different  ship's  service  swltcliboards  and  are 
located  below  the  waterllne  on  opposite  sides  of 
the  ship  to  minimize  the  possibility  that  both 
will  be  damaged  by  a  single  hit. 

The  lighting  circuits  are  supplied  from  the 
secondaries  of  450/1 15-voU  transformer  banks 
connected  to  the  ship's  service  power  system. 
In  large  ships,  the  transformer  banks  are  hi- 
stalled  hi  the  vlchilty  of  the  llgfathig  distribution 
panels,  at  some  dlst^ce  from  the  generator 
and  distribution  switchboards.  In  small  ships, 
the  traiusformer  banks  are  located  near  the 


generator  and  distribution  switchboards  and 
energize  the  switchboard  buses  that  supply  the  ; 
lighting  circuits. 

EMERGENCY  POWER 

The  emergency  power  distribution  system  Is 
provided  to  supply  an  Immediate  and  automatic 
source  of  electric  power  to  a  limited  number  of 
selected  vital  loads  In  the  event  of  failure  of  the 
ship's  service  power  distribution  system.  The 
emergency  power  system,  which  Is  separate  and 
dlsthict  from  the  ship's  service  power  distribu- 
tion system.  Includes  one  or  more  emergency 
distribution  switchboards.     Each  emergency 
switchboard,  supplied  by  Its  associated  emer-  : 
gency  generator,  has  feeders  which  run  to  the  bus  ! 
transfer  eq^lpment  at  the  (Ustrlbutlon  panels  or  ; 
loads  for  which  emergency  power  Is  provided.  ' 

The  emergency  generators  and  switchboards 
are  locatecLln  separate  spaces  from  those  con- 
taining the  ship's  service  generators  anddls- 
tr()nitlon  switchboards.  As  previously  noted,  the 
normal ^ and  alternate  ship's  service  feeders; 
are  located  bolow  the  waterllne  on  opposite  j 
sides  of  the  ship.  The  emergency  feeders  are  1 
Ideated  near  the  centerllne  and  hlg^r  In  the  i 
Bhip  (above  the  waterlhie).  This  arrangement  I 
provides  for  horizontal  separation  between  the  1 
normal  and  alternate  ship's  service  feeders  | 
and  vertical  separation  bet^nreen  these  feeders  | 
and  th9  emergency  feeders,  thereby  minimizing  | 
the  posslbUlty  of  damaging  all  three  types  of  | 
feeders  simultaneously.  | 

The  emergency  switchboard  Is  connected  by  f 
feeders  to  at  least  one  and  usually  to  two  dlf- 
f  erent  ship's  service  switchboards.  One  of  these  | 
switchboards  Is  the  preferred  source  of  ship's  ; 
service  power  for  the  emergency  switchboard! 
and  the  other  Is  the  alternate  source.  The; 
emergency  switchboard  and  dlstrlbirtlon  system  | 
are  normally  energized  from  the  preferred  j 
source  of  ship's  service  power.  U  both  the  pre- 1 
f erred  and  the  alternate  sources  of  ship's  serv- 1 
Ice  power  fall,  the  dlesel -driven  emergency  I 
generator  starts  automatically  and  the  emer- 1 
gency  switchboard  Is  automatically  transferred  I 
to  the  emergency  generator.  i 

When  the  vdtage  Is  restored  on  either  the  | 
preferred  or  the  alternate  source  of  the  ship's 
service  power,  the  emergency  switchboard  Is 
automatically  retransferred  to  the  source  that 
Is  ai^llable  (or  to  the  preferred  source,  if  volt- 
age is  restored  on  both  the  preferred  and  the 
alternate  sources).  The  emergency  generator 
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FijEpire  20-23.— Ship's  service  and  emergency  power  distribution  system  in  a  largd  carrier. 
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Figure  20-23.— Ship's  service  and  emergency  power  distribution  system 
in  a  large  carrier.— Continued. 
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must  be  manually  shut  down.  Hence,  the  emer- 
gency switcbboard  and  diBtribution  S]r8tem  are 
al^ys  energized  either  by  a  ship's  service 
generator  or  by  the  emergency  generator. 
Therefore,  the  emergency  distribution  system 
can  always  supply  power  to  a  vital  load  it  both 
the  normal  and  the  alternate  sources  of  the 
ship's  service  power  to  this  load  fail.  The 
emergency  generator  is  not  started  if  the  emer- 
gency switchboard  can  receive  power  from  a 
ship's  service  generator. 

A  feedback  tie  from  the  emergency  switch- 
board to  the  ship's  service  switchboard  (fig. 
20-24)  is  provided  on  most  ships.  The  feedback 
tie  permits  a  selected  portion  of  the  ship's 
service  switchboard  load  to  be  supplied  from 
the  emergency  generator.  This  feature  facili- 
tates starting  up  the  machinery  after  major 
alteratims  and  repairs  and  provides  power  to 
operate  necessary  auxiliaries  and  lighting  dur- 
ing repair  periods  when  shore  power  and  ship's 
service  power  are  not  available. 


CASUALTY  POWER 

The  casualty  power  distribution  system  is 
provided  for  making  tenq>orary  connections  to 
supply  electric  power  to  certain  vital  auxiliaries 
if  the  permanently  Installed  ship's  service  and 
emergency  distribution  systems  are  damaged. 
The  casualty  power  system  Is  not  Intended  to 
Boptiy  power  to  all  the  electrical  equipment  In 
the  ship  but  Is  confined  to  the  facilities  neces- 
sary to  keep  the  ship  afloat  and  to  get  It  away 
from  a  danger  area.  Jhe  system  also  supidles  a 
limited  amount  of  armament,  such  as  antiair- 
craft guns  and  their  directors^  that  may  be 
necessary  to  protect  the  ship  when  In  a  damaged 
condition.  The  casualty  power  system  for  rig- 
ging temporary  circuits  Is  separate  and  distinct 
from  the  electrical  damage  control  equipment, 
which  consists  of  tools  and  appliances  for  cut- 
ting cables  and  making  splices  for  temporary 
repairs  to  the  permanently  Installed  ship's  serv- 
ice and  emergency  distribution  systems. 

The  casualty  power  system  includes  portable 
cables,  bulkhead  terminals,  risers,  switchboard 
termliudis,  and  portable  switches.  Portable 
cables  In  sultaUe  lengths  are  stowed  In  con- 
venient locations  throughout  the  ship.  The  bulk- 
head terminals  are  Installed  In  iimtertlght 
tulkheads  so  that  the  horizontal  runs  of  cables 
can  be  connected  on  the  opposite  sides  to  trans- 
mit power  through  the  bulkheads  without  the  loss 


of  watertight  Integrity.  The  risers  are  per- 
manently Installed  vertical  cables  for  trans- 
mitting power  through  the  decks  without  Impair- 
ing the  watertight  Integrity  of  the  ship.  A  riser 
consists  of  a  cable  that  extends  from  one  deck 
to  another  with  a  riser  terminal  connected  to 
each  end  for  attaching  portable  cables. 

CONTROL  AND  SAFETY  DEVICES 

The  distribution  of  electric  power  requires 
the  use  of  many  devices  to  control  the  current 
and  to  protect  the  circuits  and  equipment. 

Control  devices  are  those  electrical  acces- 
sories which  govern.  In  some  predetermined 
way,  the  power  delivered  to  any  electrical  load. 
In  Its  simplest  form,  the  control  applies  voltage 
to  (or  removes  It  from)  a  single  load.  Jn  more 
complex  contrcfl  systems,  the  Initial  switch  may 
set  Into  action  other  control  devices  that  govern 
the  motor  speeds,  the  compartment  tempera- 
tures, the  depth  of  liquid  In  a  tank,  the  aiming 
and  firing  of  guns,  or  the  direction  of  .  guided 
missiles. 

Switchboards  make  use  of  hand-operated 
(manual)  switches  as  well  as  electrically  oper- 
ated controls.  Manually  operated  switches  are 
those  familiar  electrical  Items  which  can  be 
operated  by  motions  of  the  hand,  as  with  a 
pushing,  pulling,  or  twisting  motion.  The  type 
ot  action  required  to  operate  the  manually 
operated  switch  Is  Indicated  by  the  names  of 
the  controls— push-button  switch,  pull-chain 
switch,  or  rotary  switch. 

Automatic  switches  are  devices  which  per- 
form their  function  of  control  through  the 
repeated  closing  and  opening  of  their  contacts, 
without  requiring  a  human  operator.  Limit 
swltclie?  and  float  switches  are  representative 
automatic  swltclies. 

The  Navy  uses  many  different  types  of 
switches  and  controllers,  which  range  f^omthe 
very  simple  to  the  very  complex.  A  typical  a-c 
across-the-llne  magnetic  contrcfller  Is  shown 
In  figure  20-25. 

The  slnqplest  protective  device  Is  a  fiise, 
consisting  of  a  metal  alloy  strip  or  wire  and 
terminals  for  electrically  connecting  the  fuse 
Into  the  circuit.  The  most  important  charac- 
teristic of  a  fuse  Is  Its  current-versus-tlme 
or  ^'blowing"  ability.  Three  time  ranges  for 
existence  of  overloads  can  be  broadly  defhied 
as  fast  (5  microseconds  through  1/2  second), 
medlmn  (1/2  second  to  5  seconds),  and  delayed 
(5  to  25  seconds). 
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Normally,  when  a  circuit  is  overloaded  or 
when  a  fault  develops,  the  ftise  element  melts 
and  opens  the  circuit  that  it  is  protecting.  How- 
ever, all  fuse  openings  are  not  the  result  of 
current  overload  or  circuit  faults.  Abnormal 
production  of  heat,  aging  of  the  fuse  element, 
poor  contact  due  to  loose  connections,  oxides  or 
other  corrosion  products  forming  within  the  fuse 
holder,  and  unusually  high  ambient  tenqperatures 
will  alter  the  heating  conditions  and  the  time  re- 
quired for  the  element  to  melt. 

A  more  complex  type  of  protective  device 
is  the  circuit  breaker.  In  addition  to  acting  as 
protective  devices,  clrcuitbreakers  perform  the 
function  of  normal  switchin({  and  are  used  to 
isolate  a  defective  circuit  while  repairs  are 
being  made. 

Circuit  breakers  are  available  in  many 
types;  some  may  be  operated  both  manually 
and  electrically,  while  others  are  restricted  to 
one  mode  of  operation.  Figure  20-26  shows  a 
circuit  breaker  which  may  be  operated  either 
manually  or  electrically.  When  operated  elec- 
trically, the  operation  is  usually  in  conjunction 
with  a  pilot  device  such  as  a  relay  or  switch. 
Electrically  operated  circuit  breakers  employ 
an  electromagnet,  used  as  a  solenoid,  to  trip  a 
release  mechanism  that  causes  the  breaker 
contacts  to  open.  The  energy  to  open  the  breaker 
is  derived  from  a  coiled  spring,  and  the  electro- 
magnet is  controlled  by  the  contacts  in  a  pilot 
device. 

Circuit  breakers  designed  for  high  currents 
have  a  double-contact  arrangement,  consisting 
of  the  main  bridging  contacts  and  the  arcing 
contacts.  When  the  circuit  opens,  the  main  con- 
tacts open  first,  allowing  the  current  to  flow 
through  the  arc  contacts  and  thus  preventing 
burning  of  the  main  contacts.  When  the  arc 
contacts  are  open,  they  pass  under  the  front 
of  the  arc  runner,  causing  a  nuignetic  field  to  be 
set  up  which  blows  the  arc  up  into  the  arc 
quencher  and  quickly  opens  the  circuit. 


SYNCHROS  AND  SERVOMECHANISMS 

Synchros,  as  identified  l^the  Armed  Forces, 
are  a-c  electromagnetic  devices  which  are  used 
primarily  for  the  transfer  of  angular-position 
data.  Synchros  are,  in  effect,  singfle-phase 
transformers  in  which  the  primary-to- 
secondary  coupling  may  be  varied  by  ph]rsically 
changing  the  relative  orientation  of  these  two 
windings. 


ARC  QUENCHERS 


Figure  20-26.— Circuit  breaker. 
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Synchro  sj^ems  are  used  throughout  the 
Navy  to  provide  a  means  of  transmitting  the 
position  at  a  remotely  located  device  to  one 
or  more  indicators  located  away  from  the  trans- 
mitting area. 

Part  A  of  figure  20-27  shows  a  simple 
synchro  sjrsteni.  When  the  handwheel  is  turned, 
an  electrical  signal  is  generated  by  the  sjrndiro 
transmitter  and  is  transmitted  through  inter- 
connecting leads  to  the  synchro  receivers.  The 
synchro  receivers  will  always  turn  the  same 
amount  and  direction  and  at  the  same  speed  as 
the  sjrnchro  transmitter. 

Part  B  of  figure  20-27  shows  the  same  type 
of  system  using  mechanical  linkage.  As  may  be 
readily  seen,  mechanical  systems  are  imprac- 
ticable because  of  the  need  for  associated  belts, 
pulleys,  gears,  and  rotating  shafts. 

Synchro  s]rstems  are  widely  used  for  input 
control  of  electromechanical  devices  (servo- 
mechanisms)  that  position  an  object  in  ac- 
cordance with  a  variable  signal.  The  essential 
components  of  a  servomechanism  sj^em  are 
the  input  controller  and  the  output  controller. 

The  input  controller  provides  the  means, 
either  mechanical  or  electrical,  whereby  the 
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Figure  20-27«—Simple  synchro  system. 
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I  buman  operator  may  actuate  or  operate  are- 
[motely  located  load. 

The  output  contrcdler  of  a  servomechanism 
[system  is  the  component  (or  components)  in 
I  which  power  amplification  and  conversion  oc- 
Icur.  This  power  Is  usually  amplified  by  vacuum- 
[tiibe  or  magnetic  amplifiers  and  then  converted 
m  the  servomotor  into  mechanical  motion  of 


the  direction  required  to  produce  the  desired 
ftmction. 

Figure  20i*28  shows  a  simplified  Uock  dia- 
gram of  a  servomechanism.  When  the  shaft  of 
the  inpat  controller  Is  rotated  in  either  direc- 
tion, a  voltage  is  Induced  in  the  rotor  of  tl)e 
control  transformer.  This  voltage  is  fed  to  the 
amplifier,  where  it  is  sent  through  the  necessary 
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Stages  of  amplification!  and  drives  the  servo- 
motor. 

DEGAUSSING  INSTALLATIONS 

A  ship  is  a  magnet  because  of  the  presence 
of  magnetic  material  in  its  hull  and  machinery. 
A  ship  is  therefore  surrounded  by  a  magnetic 
field  which  is  strong  near  the  shipandweak  at  a 
considerable  distance  from  the  ship.  As  a  ship 
passes  over  a  point  on  the  surface  of  the  earth, 
the  magnetic  field  of  the  ship  is  superimposed 
upon  the  magnetic  field  of  the  earth,  thus  tending 
to  distort  the  earth's  field  around  the  ship.  If 
the  ship  is  close  to  a  magnetic  mine  or  torpedo, 
the  distortion  caused  by  the  ship's  field  will 
activate  the  firing  mechanism  to  detonate  the 
mine  or  torpedo. 

Degaussing  equipment  is  installed  aboard 
ship  to  neutralize  the  disturbance  of  the  earth's 
magnetic  field  caused  by  the  ahfp,  and  thus  to 
reduce  the  possibility  of  detonating  a  magnetic 
mine  or  torpedo.  A  shipboard  degaussing  instal- 
lation, consists  of  one  or  more  coils  of  electric 
cable  in  specific  locations  Inside  the  ship's  hull, 
a  d-c  power  source  to  energize  these  coils,  and 
a  means  of  controlling  the  magnitude  andpolar- 
ity  of  the  current  through  the  coils.  Conqpass- 
conpensating  equipment,  consisting  of  conqpen- 
satlng  coils  and  control  boxes,  is  also  installed 
as  a  part  of  the  degaussing  system,  to  com- 
pensate for  the  deviation  effect  of  the  degaussing 
colls  on  the  ship's  magnetic  compasses. 

Naval  ships  are  tested  periodically  at  mag- 
netic range  stations  to  determine  the  configu- 
ration of  the  ship's  magnetic  field.  Sensitive 
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Figure  20-28.-Slnqplifled  block  diagram  of  a 
servomechanlsm. 


measuring  coils,  located  at  or  near  the  bottom 
of  the  channel,  and  recording  equipment  respond 
to  the  signals  Induced  In  the  coUs  as  the  ship 
passes  over  them.  These  measwements  Indicate 
the  distortion  of  the  earth's  magnetic  field 
caused  by  the  ship  and  are  used  to  determine 
the  values  of  cwrent  needed  In  the  ship's  de- 
gaussing colls  to  neutralize  this  distortion. 

GYROCOMPASSES 

The  gyrocompass  system  provides  a  means 
of  Indicating  the  ship's  cowse  at  various  sta- 
tions throughout  the  ship.  There  are  various 
types  of  gyrocompasses  In  use;  however,  all 
depend  upon  gyroscopic  principles  and  the  rota- 
tion of  the  earth  for  their  operation. 

The  g3rroscope  Is  a  heavy  wheel,  or  rotor, 
suspended  so  that  It  has  the  freedom  to  spin, 
the  freedom  to  turn,  and  the  freedom  to  tilt. 
These  three  degrees  of  freedom  permit  the 
rotor  to  assume  any  position  within  the  sup- 
porting ftame. 

When  a  gyroscope  rotor  Is  spinning  rapidly, 
the  gjrroscppe  develops  two  properties  It  does 
not  have  when  the  rotor  is  at  rest.  These  two 
properties,  which  make  It  possible  to  develop 
the  g3rroscope  Into  a  gyrocompass,  are  (1) 
rigidity  of  plane,  and  (2)  precession. 

Rigidity  of  plane  results  from  the  fkct  that 
the  rotating  wheel  of  a  gyroscope  has  hlg^angu- 
lar  momentum  and  kinetic  energy.  When  the 
rotor  Is  set  spinning  with  Its  axle  pointed  In  one 
direction,  it  wUl  continue  to  spin  with  its  axle 
pointing  in  the  same  direction,  no  matter  how 
the  frame  of  the  gyroscope  is  tilted  or  turned. 

Any  force  that  attempts  to  change  the  angle 
of  the  plane  of  rotation  of  a  gyroscope  with 
respect  to  its  earlier  position  produces  amove-  I 
ment  known  as  precession.  Precession  takes 
place  whenever  any  torque  tends  to  tilt  the  axle  i 
of  a  spinning  gyroscope  rotor. 

A  gyrocompass  is  sinqply  a  gyroscope  with  ] 
a  means  of  exerting  a  force  at  right  angles  to 
the  end  of  the  aade  whenever  the  axle  tilts  with 
respect  to  the  surface  of  the  earth.  Because  of 
the  rotation  of  the  earth,  the  axle  tUts  whenever 
it  is  not  on  the  meridian.  The  a^de  Is  precessed 
automatically  Into  a  nor^-south  direction. 

SAFETY  PRECAUTIONS 

Because  of  the  possibility  of  injury  to  per- 
sonnel, the  danger  of  fire,  and  the  posSibUity  of  j 
damage  to  material,  all  repair  and  maintenance 
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work  on  electrical  equipment  should  be  per- 
formed only  by  ^y  authorized  and  assigned 
;  persons. 

When  any  electrical  equipment  is  to  be 
overhauled  or  repaired,  the  main  siqnfly  switches 
or  cutout  switches  in  each  circuit  from  which 
power  could  possibly  be  fed  should  be  secured 
i  in  the  open  position  and  tagged.  The  tag  should 
.  read:  ''This  circuit  was  ordered  open  for  re- 
I  pairs  and  shall  not  be  closed  excqA  by  direct 

order  of  The  name  given  is  usu- 

I  ally  the  name  of  the  person  directly  in  charge 
of  the  repairs.  After  the  work  has  been  com- 
Ideted,  the  tag  or  tags  should  be  removed  by 
the  same  person. 


The  covers  of  fuse  boxes  and  jtmction  boxes 
should  be  kept  securely  closed  except  when  work 
is  being  done.  Safety  devices  such  as  interlocks, 
overload  rela]rS|  and  fuses  should  never  be 
altered  or  disconnected  except  for  replace- 
ments. Safety  or  protective  devices  must  never 
be  changed  or  modified  in  any  way  without  spe- 
cific authorization. 

Fuses  should  be  removed  and  reiflaced  only 
after  the  circuit  has  been  deenergized.  When  a 
fuse  Uows,  it  should  be  replaced  only  with  a 
fuse  of  the  correct  current  and  voltage  ratings. 
When  possible,  circuit  should  be  carefully 
checked  before  the  replacement  is  made,  since 
the  burned-out  fuse  is  often  the  result  of  a 
circuit  fiuilt. 
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OTHER  AUXILIARY  EQUIPMENT 


In  addition  totbe  shipboard  auxiliary  machin- 
ery described  in  previous  chapters  of  this  text, 
there  are  a  number  of  other  tmits  of  machinery 
that  are  essential  to  the  operation  of  a  ship  and 
which  are  directly  or  Indirectly  of  concern  to 
engineering  department  personnel.  Such  aux- 
iliary machinery  includes  steering  gears  and 
their  remote  control  equipment,  elevators, 
winches,  capstans,  windlasses,  and  catapults. 
Some  of  this  machinery  may  be  located  within 
the  engineering  spaces  of  the  ship;  but  many  of 
the  units  are  located  outside  the  engineering 
spaces  and  are  sometimes  referred  to  as  out- 
side machinery. 

ELECTROHTDRAULIC  TRANSMISSION 

Some  shipboard  auxiliary  machUiery  must 
operate  at  varii^le  speeds  over  a  considerable 
range.  In  additicm,  there  must  be  dose  control 
of  speed  between  minimum  and  maximum  limits. 
Many  auxiliary  machines  operate  with  a  hlg^ 
starting  torque  and  must  be  cqmble  of  ac- 
celerating to  maximum  speed  very  quickly.  To 
meet  these  requirements,  the  electrohydraullc 
transmission  Is  used  on  naval  ships.  Since  the 
electrohydraullc  transmission  Is  utllleed  hi 
more  than  one  type  of  auxiliary  machine,  it  Is 
discussed  first. 

Electrohydraullc  transmissions  are  used  for 
driving  or  controlling  machinery  such  as  steer- 
ing gears,  gun.  turrets,  anchor  whidlasses^  boat 
and  airplane  handling  equipment,  capstans, 
hoists,  and  certain  shipboard  valves.  Some 
electrohydraullc  transmissions  are  designed  to 
deliver  rotary  motion;  others  are  designed  to 
deliver  reclprocatUig  motion. 

An  electrohydraullc  transmission  designed 
to  deliver  rotary  motion  to  an  auxiliary  machine 
consists  basically  of  an  electric  motor,  a  hy- 
draulic pump,  a  hydraulic  motor,  and  piping  to 
allow  the  flow  of  fluid  ftom  and  to  the  pump 


through  the  motor.  The  pump  Is  of  the  variable 
displacement  reversible  type^;  It  Is  sometimes 
called  the  A-end  of  the  transmission.  A  complex  i 
machinery  system  may  Include  one  or  more 
pumps  and  one  or  more  motors.  The  hydraulic ; 
motor  of  an  electrohydraullc  transmission  Is 
similar  In  design  to  the  pump,  except  that  the 
motor  Is  usually  of  fixed  displacement.  Occa- 
sionally, to  provide  very  wide  speed  varlatKm, : 
the  motor  may  also  be  of  the  variable  displace-  \ 
ment  type.  A  hydraulic  motor  for  use  In  an! 
electrohydraullc  transmission  Is  shown  In  figure  i 
21-1. 

The  components,  control  equipment,  and 
plphig  system  for  an  electrohydraullc  trans- 
mission used  to  drive  a  winch  are  Illustrated 
In  figure  21-2.  The  transmission  illustrated  Is 
typical  of  those  designed  to  ddlver  rotary 
motion  to  various  types  of  shipboard  auxiliary 
macUnery. 

The  pump  Is  driven  at  constant  speed  by  an 
electric  motor.  The  hydraulic  motor  Is  driven 
by  the  fluid  under  pressure,  and  the  auxiliary ; 
machine  Is  driven  by  the  mechanical  output  of 
the  motor.  By  controlling  the  variable  output  of  j 
the  pump,  the  direction  and  speed  of  rotation  of  ^ 
the  motor  can  be  controlled;  therefore,  the 
direction  and  speed  of  motion  utilized  In  the: 
operation  of  the  auxiliary  machhie  can  be  con-:| 
trolled.  * 

The  flow  of  fluid  under  pressure  from  the 
pump  to  the  motor  exerts  forco  on  the  faces  of  j 
the  pistons  ppen  to  the  valve  port  receiving  the 
fluid  under  pressure.  This  force  on  the  piston 
results  In  a  thrust  component  along  the  axis  of 
rotation  of  the  socket  ring  and  a  turnhig  com- 
ponent at  rl^t  angles  to  the  thrust  component. 


Operating  principles  of  variable  displacement  pun^ 
are  discussed  in  ch^yter  15  of  this  text. 
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Figure  21-1.-Hydraullc  motor  for  electrohydraulic  transmission. 
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(See  fig.  21-3.)  the  turning  component  rotates 
the  socket  ring.  The  rotation  of  the  socket  ring 
causes  the  cylinder  barrel  and  output  shaft  of 
the  motci'  to  rotate,  and  thereby  provides  the 
rotary  vaotlon  utilized  to  drive  a  machine. 

When  reciprocating  motion  is  required,  as 
in  the  case  of  a  steering  gear  (fig.  21-4),  the 
motor  of  an  dectrohydraulic  transmission  is 
replaced  by  a  piston  or  plunger.  The  com- 
plete hydraulic  assembly  of  which  the  lAunger 
is  a  part  is  conmionly  called  a  ram.  The 
force  of  the  hydraulic  fluid  from  the  pump 
causes  the  movement  of  the  piston  or  plunger. 
The  tilting  box  in  the  pump  can  be  contrdlled 
either  locally  (as  on  the  anchor  windlass)  or  by 
remote  contrd  (as  on  the  steering  gear). 

STEERING  GEARS 

The  steering  gears  Installed  on  naval  ships 
are  of  two  types:  electromechanical  and  electro- 
hydraulic.  Most  modem  naval  ships  have  steer- 
ing gears  of  the  electrohydraulic  type;  however, 
dectromechanical  steering  gears  are  also  de- 
scribed briefly. 


ELECTRCAfECHANICAL  STEERING  GEAR 

Electric  motors  were  first  introduced  as 
prime  movers  of  steering  gears  on  combatant 
ships  to  serve  in  case  of  failure  of  the  steam 
steering  engines,  at  one  time  the  only  prime 
mover  used.  Electric  motors  were  used  later 
as  the  primary  source  of  power,  with  steam  as 
a  reserve.  Steam  is  no  longer  used  as  a  prime 
mover  for  steering  gears.  The  use  of  electro- 
mechanical steering  gear  is  now  limited  to  small 
noncombatant  vessds. 

The  principles  of  operation  are  about  the 
same  for  all  designs  of  electromechanical  steer- 
ing gear.  Any  differences  that  exist  are  chiefly 
in.  the  manner  in  which  the  driving  motor  is 
connected  to  the  tiller  and  the  method  by  which 
the  motor  is  contrdlled.  The  motor  may  drive 
the  tiller  by  means  of  gears  and  a  quadrant,  a 
ri^t-  and  left-hand  screw  assembly  (fig.  21-5), 
or  by  means  of  wire  rope  from  a  drum.  In  the 
gear  and  quadrant  type,  the  steering  engine  is 
located  in  the  steering  gear  room;  in  the  wire 
rope  and  drum  type,  it  may  be  Installed  in  a 
nearby  machinery  space. 
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Figure  21-2.^Electrohydratiltc  transmission. 


moved  an  amount  proportional  to  the  rotation  of  ; 
of  the  steering  ivheel. 

Most  wire  rope  and  drum  type  steering  ; 
gears  utilize  a  follow-^v  control  arrangement.  \ 
The  f(dlow-iip  motion  is  transmitted  from  the  i 
steering  gear  to  the  steering  stand  by  means 
of  shafting,  bevel  gears,  and  flexible  couplings. 

Jn  most  electromechanical  InstallattonSi  the 
shafting  connecting  the  steering  engine  to  the 
wheel  is  utilized  not  only  to  provide  follow-up 
control  to  the  steerUig  stand  but  also  to  provide 
a  means  for  steerUig  by  hand  from  the  pilot 
house  if  power  Is  lost. 

I 

ELECTROHTDRAULIC  STEERING  GEAR 

Steering  gear  Installations  on  most  modem ; 
naval  ships  are  of  the  electrdhydraullc  type. 
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The  steering  motor  control  may  be  either  of 
the  follow-iqp.or  the  nonfoUow-tq;)  type.  Jn  the 
nonfollow-up  type,  the  motor  Is  cmtrolled  by  a 
master  controller  at  the  steering:  station.  When 
the  master  controller  Is  brought  to  neutral, 
dynamic  brakbig  action  takes  place  to  slow  down 
the  motw;  the  motor  Is  fhially  brought  to  rest 
and  held  by  a  magnetic  brake. 

In  the  foUow-iq>  type  of  contrdl,  the  follow- 
up  feature  Is  Incorporated  In  a  c(mtBCt  ring 
assembly  in  the  steering  stand*  The  rings  make 
contact  with  rollers  which  control  the  circuits  to 
contractors  on  the  control  panel.  Movement  of  the 
steering  wheel  rotates  the  contact  r(fllers  In  the 
proper  direction  to  start  the  motor.  Motion  of  the 
SteerUig  motor  is  transmitted  throug^shaftlngto 
the  contact  ring  assembly,  which  follows  up  the 
motion  of  the  rollers.  By  this  action  the  rudder  Is 
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Figure  21-3.-Thru8t  and  turning  components 
in  hydraulic  motor  operation. 


The  development  of  this  type  of  steering  gear 
was  prompted  primarily  by  the  large  momentary 
electric  power  requirements  for  electromechan- 
ical steerhig  gears-particularly  for  ships  of 
large  displacement  and  high  speed,  with  at- 
tendant increased  rudder  torques. 

Electrohydraulic  steering  gears  in  use  in- 
clude various  types  of  equipment.  Some  ship- 
board installatKms  have  double  hydraulic  rams 
and  cylinders;  others  have  single-ram  arrange- 
ments. (See  figs.  21-4  and  21-6.) 

STEERING  GEAR  ARRANGEMENTS.-Qnly 
the  pump  of  the  previously  described  electro- 
hydraulic  transmission  is  used  hi  electrohydrau- 
lic steerhig  gears.  Axial-piston  variable  dis- 
placement pumps  are  used  in  most  installations; 
radial-piston  pumps  are  used  hi  some. 

The  pumps  are  connected  1^  piphig  to  the 
ram  cylinders  of  the  steering  gear.  Two  pipes 
from  each  pump  are  united  at  a  main  transfer 
valve.  The  transfer  valve  is  a  multiported 
valve  which  permits  the  ram  cylhiders  to  be 
connected  to  either  pump  while  the  pipes  from 
the  other  pump  are  connected  for  l:^assing. 

Various  methods  are  used  for  connectingthe 
hydraulic  rams  to  the  tiller.  The  arrangements 
depend  on  the  design  and  on  the  space  available 
for  the  histaliatlon.  Two  common  arrangements 
are  shown  in  figures  21-4  and  21-6. 


Typical  cruiser  steering  gear  installations 
include  two  rams  set  fore  and  aft,  one  on  either 
side  of  the  rudder  stock..  The  rams  operate  the 
rudder  through  a  double  yoke  tiller  fitted  with 
sliding  blocks. 

The  gear  illustrated  in  figure  21-6  istypical 
of  those  installed  on  destroyers.  The  installation 
hddudes  a  single  ram  set  athwartship.  The  ram 
operates  the  rudder  through  a  single  yoke  tiller 
fitted  with  a  slidhig  block. 

Some  cruiser  steering  gear  bistallations  have 
two  rams  set  fore  and  aft  but  located  forward 
from  the  rudder  stock  (fig.  21-4).  The  rams  are 
connected  to  the  tiller  by  ccmnecting  Ihiks  and 
pins.  Some  ships  are  equipped  with  twin  rudders 
and  an  independent  steerhig  gear  for  each 
rudder.  Carriers  and  auxiliary  ships  may  have 
any  one  of  the  above-mentioned  steering  gear 
arrangements. 

PRINCIPLES  OF  OPERATION.— Regardless 
of  the  type  of  equipment  (double  ram  or  single 
ram,  axial  pump  or  radial  pump)  included  in 
electrohydraulic  steering  installations,  the  prhi- 
dples  of  operation  are  basically  the  same.  The 
discharge  volume  and  direction  of  flow  from  the 
variable  displacement  punyis  are  controlled  by 
the  operation  of  the  tilting  block  in  the  pump. 
This  control  is  acconqdished  mechanically  by 
means  of  trick  wheels  hi  the  steering  gear 
room,  and  by  remote  control  from  one  or  more 
steering  staticms. 

Any  movement,  right  or  left,  of  the  control 
from  any  of  the  various  steering  stations  places 
the  hydraulic  pump  on  strcdce  and  causes  the 
pump  to  supply  liquid  under  pressure  to  the 
hydraulic  rams,  resulting  in  a  corresponding 
rig^  or  left  movement  of  the  rudder.  This 
rudder  movement  actuates  the  follow-up  gear 
which  in  turn  immediately  acts  to  return  the 
pump  control  to  neutral  but  does  not  accomplish 
this  until  the  assigned  rudder  position  has  been 
attained.  The  rudder  is  held  hi  the  assigned 
position  by  a  hydraulic.lock  until  another  move- 
ment is  origbmted  at  the  steering  station. 

EMERGENCY  STEERING  SYSTEMS.-.A11 
naval  combatant  and  auxiliary  ships  equipped 
with  electrohydraulic  steering  gears  are  also 
equipped  with  an  auxiliary  steering  gear.  This 
emergency  steering  system  generally  consists 
of  a  relief  and  shuttle  valve,  hand-operated 
hydraulic  pump,  and  the  piphig,  valves,  and 
fitthigs  necessary  to  complete  the  system.  The 
emergency  equipment  is  installed  hi  or  near  the 
steering  gear  compartment. 
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Figure  21-4.— Arrangement  ot  a  double-ram  electrohydraulic  steering  gear. 
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To  prevent  the  pressure  developed  by  the 
hand  pump  from  causing  motoring  or  leakage 
throu^  the  main  hydraulic  units^  the  piping 
from  the  emergency  pump  to  the  main  hy- 
draulic system  is  so  arranged  that  the  hig^- 
pressure  stop  valves  may  be  closed.  The 
emergency  pump  is  usually  connected  to  the 
main  hydraulic  system  in  a  manner  whereby 
all  ram  cylinders  will  be  in  use.  Since  it  is 
necessary  to  block  oit  the  emergency  system 
under  normal  steering  gear  operation,  the  emer- 
gency lines  are  usually  connected  to  the  drain 
valves  to  eliminate  the  necessity  of  additional 
high  pressure  valves. 

Some  ships  are  equipped  with  a  dual  emer- 
gency, submersible  steering  system.  The  pur- 
pose of  this  system  is  to  provide  emergency 
steering  by  means  of  either  electric  motor  or 
hand  power  in  event  ot  failure  of  the  main 
system.  This  emergency  gear,  with  driving 
motor  integrally  mounted,  is  located  in  the 
steering  gear  compartment  of  the  ship.  Hand 
operation  is  accomplished  by  use  of  a  re- 
motely located  crank  stand  connected  to  the 
unit  by  shafting. 

REMOTE  CONTROLS  -  Electrohydraulic 
steering  gears  may  be  controlled  from  reifiote 
steering  stations  (1)  electrically  by  either  a 


pilot  motor  and  its  controller  or  by  a  syn- 
chronous transmission;  (2)  hydraulically  by 
means  of  a  telemotor  system;  or  (8)  mechan- 
ically by  means  of  wire  rppe.  (See  subsequent 
section  on  remote  control  systems.) 

Only  a  few  pilot  motor  control  systems  are 
in  use;  the  majority  of  naval  ships  utUize  either 
s]rnchronous  transmission  or  hydraulic  tele- 
motor  systems. 

In  control  arrangements  for  electrohydraulic 
steering  gears,  the  trick  wheel  and  the  receiver 
of  the  control  system,  either  synchronous  re- 
ceiver, hydraulic  telemotor  receiver,  or  pilot 
motor,  are  geared  to  and  actuate  the  pump  con- 
trol cam  through  one  end  ot  a  differential  to  put 
the  pump  on  stroke.  The  fcUow-tq;)  acts  through 
the  opposite  end  of  the  differential  to  reverse  the 
movement  of  the  cam  and  to  take  the.  pump  off 
stroke.  The  differential  control  unit  and  cam  are 
so  arranged  that  the  control  unit  may  lead  the 
rudder  by  the  full  amount  of  rudder  travel. 

REMOTE  CONTROL  SYSTEMS 
FOR  STEERING  GEAR 


Control  of  the  steering  gear  from  the  steer- 
ing wheel  on  the  bridge  may  be  accomplished 
by  any  of  the  following  remote  control  systems. 
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ELECTRICAL  SYSTEMS. -Steering  gear 
control  systems  ofthe  electrical  type  are  divided 
Into  two  general  types— the  direct  current  pUot 
motor  type  and  the  alternatifig  current  syn- 
chronous transmission  type.  The  direct  current 
:3llot  motor  type  is  no  longer  used  on  new 
('construction. 

The  direct  current  pilot  motor  type  of 
l  emote  control  consists  of  a  small  reversible 
direct  current  motor  which  is  connected  through 
the  differential  gear  to  the*  control  shaft  of  a 
var iaUe  displacement  hydraulic  pump.  The  con- 
trol of  the  pilot  motor  Is  effected  by  means  of  a 
magnetic  contactor  control  panel  located  adja- 
cent to  the  motor  and  through  master  controllers 
located  at  remote  control  stations.  The  motor 
is  equipped  with  a  magnetic  brake  whlchpromptly 
stops  and  holds  the  motor  when  the  master 
controller  Is  returned  to  the  neutral  position. 

The  alternating  current  sjrnchronous  trans- 
mlsslcm  type  of  remote  control  consi8tc>  of 
interchangeable  receiving  and  transmitting  units 
which  are,  in  reality,  small  wound  rotor  in- 
duction motors  with  interconnecteid  tluree-phase 
rotor  windings;  their  stator  windings  are  con- 
nected to  the  same  alternating  current  supplYt 
When  the  transmitter^  rotor  is  turned,  the  re- 
ceiver rotor  turns  at  the  same  speed  and  in 
the  same  direction. 

The  transmitters  are  located  in  steering 
stands  at  remote  control  stations  such  as  the 
pilot  house,  conning  tower,  central  station, 
etc.,  and  are  mechanically  connected  through 


gearing  to  the  wheels.  A  transmitter  at  one  of 
the  remote  stations  is  electrically  connected  to 
a  receiver  in  the  steering  room.  Where  more 
than  one  remote  steering  station  is  provided, 
as  on  cruisers  and.  carriers,  a  switch  is  pro- 
vided for  selecting  the  desired  control  station, 
bidicating  lights  are  provided  on  the  steering 
stands.and  at  the  selector  switch  to  indicate  the 
selected  circuit  and  the  power  available. 

The  receiver  is  connectedtothe  control  shaft 
of  the  variable  displacement  hydraulic  punqp 
through  a  differential.  On  large  hydraulic  units 
where  the  torque  required  to  stroke  the  pump  is 
greater  than  the  torque  that  can  be  exerted  by 
the  receiver,  the  stroke  Is  contr(dled  through  an 
auxiliary  hydraulic  servosystem.  bi  Installations 
involving  the  use  of  a  servosystem,  the  syn- 
chronous receiver  actuates  a  pilot  valve  which 
controls  the  flow  of  oU,  under  pressure,  to 
and  from  a  power  cylinder.  The  dii'ectlonand 
amount  of  motion  of  the  power  piston  controls 
the  strcdce  of  the  main  pump  which  actuates  the 
rudder. 

Electrical  control  circuits  from  the  trans- 
mitter selector  switch  (from  the  pilot  house 
selector  switch  in  the  case  of  destroyers  and 
auxiliary  vessels)  to  the  steering,  gear  com- 
partment are  installed  in  duplicate.  »Orum-type 
selector  switches,  one  in  the  steering  room  and 
one  located  at  the  terminus  of  the  duplicate  run 
of  control  circuits,  are  provided  for  selecting 
the  port  or  starboard  cable.  When  independent 
synchronous  receivers  are  provided  for  each 
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Figure  21-6.»Single-ram  electrohydraulic  steering  gear. 
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steer^ig;  gear,  an  additional  switch  is  provided 
in  fii6  steering  room  for  selecting  the  proper 

HYDRAULIC  TELEMOTOR  SYSTEM.^Atele- 
motor  is  a  hydraulic  device  by  means  of  which 
the  motion  of  the  steering  gear  is  controlled 
from  the  pilot  house.  In  general,  telemotor 
systems  are  enqplojred  for  remote  steering 
control  where  it  is  impractical  to  provide  an 
electrical  synchronous  transmission  system 
and  where  the  length  of  runs  of  shafting  or 
wire  rape  and  the  paths  for  such  shafting  or 
ropes  would  make  the  use  of  these  types  of 
mechanical  controls  impracticable. 

The  hydraulic  telemotor  system  consists  of 
one  or  more  transmitters  located  at  remote 
steering .  stations  connected  by  piping  to  a 
receiver  or  receivers  located  in  the  steering 
ehgineroom.  Each  transmitter  unit  is  either  a 


a  pair  of  cylinders  or  a  fixed-delivery  piston- 
type  pump  connected  so  that  movement  of  the 
steering  wheel  causes  fluid  to  flow  through  the 
system,  resulting  in  a  corresponding  movement 
of  the  plungers  in  the  receiver  unit.  The 
receiver  unit  is  connected  by  suitable  means  to 
the  pump  control  or  valve  operating  mechanism 
of  the  steering  engine.  The  principal  components 
of  a  h]rdraulic  telemotor  control  system  are 
shown  schematically  in  figure  21-7. 

WIRE  ROPE  SYSTEM.— This  type  of  remote 
control  is  found  in  some  small  ships.  The 
steering  engine  control  mechanism  is  connected 
to  the  wheel  by  wire  rapes.  The  system  has  the 
disadvantages  of  requiring  long  leads  involving 
large  friction  loads;  of  the  ropes  being  vulnerable 
to  gunfire  above  decks;  of  impairing  watertight 
integrity  by  passage  of  the  cables  through 
bulkheads   and  decks;  and  of  req^iring  a 
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Figure  21-7.~Hydraullc  telemotor  control  system. 
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comparatively  great  amount  of  time  for  main- 
tenance. 

ELECTROHYDRAULIC  ELEVATORS 

Many  naval  ships  are  ecpiipped  with  electro- 
h]rdraulic  elevators  which  are  used  to  handle 
airplanes,  bombs,  freight,  mines,  torpedoes, 
ammunition,  and  other  material.  Electrohydrau- 
lic  elevators  may  be  divided  into  two  general 
types:  the  diriect  plunger  lift  and  the  plimger- 
actuated  wire  rope  lift. 

DIRECT  PLUNGER  UFT  ELEVATORS.- 
The  platform  of  the  direct  plunger  lift  type 
elevator  is  raised  and  lowered  by  direct  con- 
nection under  the  platform,  with  one  or  more 
vertical  hydraulic  rams.  Oil  from  a  high  pres- 
sure tank  is  directed  into  the  ram  during  the 
hoisting  operation.  Lowering  is  accomplished 
by  the  oil  being  discharged  trom  the  rams  into 
a  low  pressure  tank.  Pressure  is  maintained 
in  the  hic^  pressture  tank  by  means  of  two 
electrical  variable  displacement  pumps,  which 
take  suction  from  the  low  pressure  tank.  One 
of  the  pumps  is  capable  of  maintaining  elevator 
operation  at  reduced  speed.  Two  electric  sump 
pumps  keep  the  volume  of  oil  in  the  pressure 
system  within  specified  limits. 

Sfpecial  control  valves  (operated  by  pilot 
valves  or  a  motor)  in  the  pressure  and  exhaust 
lines  regulate  elevator  speeds  by  varying  the 
amount  of  oil  admitted  to  or- discharged  from 
the  rams.  Positive  stops  and  mechanical  locks, 
interlocked  with  the  elevator  control  system, 
enable  the  platform  to  be  stopped,  locked,  and 
held  in  position  at  deck  level.  An  equalizer 
system  maintains  the  iflatform  at  uniform  level 
under  conditions  of  unequal  loading.  Automatic 
quick-dosing  valves  in  the  oU  line  prevent  an 
unrestricted  fall  cf  the  elevator. 

PLUNGER-ACTUATED  WIRE  ROPE  LIFT 
ELEVATORS.— The  primary  difference  between 
the  direct  plunger  lift  elevator  and  the  plunger- 
actuated  wire  rope  lift  elevator  is  that  the 
latter  type  is  raised  by  wire  rope  listened  to 
the  platform  at  two  or  four  symmetrically 
located  points.  Most  hydraulic  airplane  elevators 
are  of  the  j^unger-actuated  wire  rope  lift  type. 
The  wire  ropes  in  an  airplane  elevator,  through 
a  series  of  sheaves,  are  actuated  by  a  horizontal 
hydraulic  ram  located  beneath  the  hangar  deck. 

Hydraulic  bomb  elevators  differ  -  from 
idlunger-actviated  wire  rope  lift  elevators  in  that 


the  hoisting  wire  ropes  are  wound  on  drums 
driven  through  reduction  gears  by  the  hydraulic 
motor.  Raising,  lowering,  or  speed  changes  are 
accomplished  by  var]ring  the  stroke  of  the 
variable  delivery  pump  through  differential 
gearing.  Hydraulic  accumulators  are  not  used 
with  hydraulic  bomb  elevators. 

WINCHES 

A  winch  Is  a  deck  machine  used  for  hoisting 
or  hauling  loads.  The  main  components  of  a 
winch  are  a  wire  rope  drum  (or  drums),  a  re- 
duction gear  train,  and  a  power  unit.  Some 
winches  are  provided  with  one  or  two  gypsy 
heads  for  Handling  manila  or  other  fiber  lines. 

Most  ships  constructed  before  World  War  H 
were  provided  with  steam-powered  winches,  a 
few  of  which  remain  In  naval  service.  During 
World  War  H,  Auxiliary  ships  were  provided 
with  winches  powered  toy  either  alternating  or 
direct-current  electric  motors.  On  modem 
ships,  a-c  electric  drive  winches  are  used. 
Figure  21-8  shows  an  a-c  electric  motor  drive 
winch. 

Where  steifless  speed  control  between  zero 
and  design  maximum  Is  required,  a  variable 
speed  hydraulic  transmission  Is  Included  be- 
tween the  electric  motor  and  the  gear  train  on 
the  same  bed  frame.  The  variable  speed  Iv- 
draullc  transmlsslcm  consists  of  a  variable 
volume  pump  connected  by  high  pressure  tubing 
to  a  hydraulic  motor,  which  Is  usually  of  the 
fixed-displacement  type.  The  fluid  ou^t  from 
the  pump  passes  through  the  motor  and  returns 
to  the  pump  In  a  closed  circuit,  andthe  speed  of 
the  motor  varies  as  the  volume  of  fluid  from  the 
pump  varies.  The  speed  and  direction  of  rotation 
of  the  motors  are  obtalncjd  through  a  manually 
operated  lever  control  at  the  pump  or  at  a  remote 
station.  Figure  21-9  showW  a  typical  electro- 
hydraulic  wlnclu 

One  type  of  steam-driven  winch  Is  Illustrated 
in  figure  21-10.  Thewlnch  Illustrated  is  equipped 
with  two  gypsy  heads  (1),  one  mounted  at  each 
end  of  the  main  drive  shaft,  and  a  single  hoist- 
ing drum  (10).  The  drum  Is  provided  with  a 
standard  type  of  brakeband  (3)  with  a  foot-oper- 
ated control  and  ratchet  lock.  The  winch  is 
driven  by  a  two-cylinder,  slngle-e3q;>anslon, 
double-acting  reciprocating  engine.  The  drive 
is  by  means  of  a  train  of  spur  gears.  A  gear 
shift  is  provided  to  give  two  drive  speeds. 

The  clutch  mechanism  consists  of  a  sleeve 
(11)  which  is  keyed  to  the  crankshaft  (12)  and 
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Figure  21-8.— A-C  electric  motor  drive  winch. 
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provided  with  a  shifter  yoke  which  is  operated 
by  a  lever  (7)  located  near  the  reverse  valve 
(0).  When  this  lever  is  moved  to  the  left,  the 
position  shown  in  part  A  of  figure  21-10^  the 
pinion  which  is  integral  with  it  is  engaged  with 
the  gear  (2)  on  the  intermediate  shaft.  This  is 
the  ''cbmpound  gear^pcNSitionandgivesaslower 
drum  speed  with  an  increase  in  available  line 
pidil.  When  the  shifter  lever  (7)  is  moved  to  the 
right,  the  driving  sleeve  is  shifted  to  the  rig^. 
This  disengages  the  pinion  from  the  inter- 
mediate shaft  gear  (2)  and  engages  the  square  Jaw 
clutch  (13)  and  pinion  which  Is  always  in  mesh 
with  the  main  drive  gear.  This  gives  a  direct 
drive  fk'om  the  crankshaft  to  the  main  shaft,  and 
is  called  the  ^'single  gear'' position.  The  ''single 
gear''  gives  a  higher-drum  speed  for  a  given 


engine  speed,  but  with  a  decrease  In  the  avail- 
able line  pull. 

The  speed  and  direction  of  rotation  of  the 
engine  is  controlled  by  a  hand  lever  (14).  With 
the  winch  in  compound  gear,  the  drum  turns  to 
lift  a  load  when  the  hand  lever  is  raised.  With 
the  lever  in  this  position,  a  spool  type  valve 
passes  steam  £rom  the  reverse  valve  (0)  through 
the  two  top  horizontal  pipe  lines  (5)  to  the 
cylinders  where  it  drives  the  engine.  The  two 
lower  pipes  (4)  are  ^diaust  lines.  When  the  lever 
is  lowered  below  the  horizontal  position^  the 
direction  of  steam  flow  is  reversed  and  the 
engine  turns  in  the  opposite  direction,  thus 
lowering  the  load.  On  some  winches,  the  hand 
lever  is  provided  with  an  automatic  latch  for 
holding  it  in  the  horizontal,  or  neutral  position. 
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Figure  21-9.— Typical  electrohydraullc  winch. 
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For  all  other  positions,  the  lever  must  be  held 
In  position  for  the  desired  speed* 

CAPSTANS 

A  capstan  is  a  spocA-shaped,  vertical  re- 
volving drum  used  for  heaving  in  on  heavy 
mooring  lines.  When  a  capstan  Is  used  to  haul 
a  load,  as  in  mooring,  several  turns  of  mooring 
line  are  placed  around  the  capstan  head.  A 
manpower  stralii  Is  then  taken  on  the  free  end 
of  the  line.  Maintaining  the  strain  causes  the  line 
to  bind  on  the  capstan  head,  which  in  turn  hauls 
the  load. 

A  capstan  head  may  be  a  component  part  of 
an  anchor  windlass.  Since  the  shaft  for  a  capstan 
head  Is  vertical,  a  capstan  Is  always  free  of  the 
fair  lead  pr'oUlem  which  is  often  present  in 
connection  with  gypsy  heads  which  are  mounted 
on  horizontal  shafts.  A  line  leads  fblr  to  a 
capstan  from  any  horieontal  dlrectldn.  C4)stans 
that  are  not  components  of  anchor  windlasses 
are  usually  electrically  powered. 


ANCHOR  WINDLASSES 


A  windlass  Is  a  piece  of  deck  machinery 
used  primarily  for  paying  out  and  heaving  in 
an  anchor  chain.  A  wildcat  (drum)  may  be 
mounted  vertically  or  horizontally  at  the  end 
of  the  windlass  shaft  for  handling  the  anchor 
chain*  The  wildcat  Is  usually  fitted  with  whelps 
to  engage  the  anchor  chain*  On  the  windlass 
there  may  also  be  a  capstan  head  or  warping 
head  (concave  drum)  for  handling  lines.  A 
vertical-shaft  anchor  windlass  with  capstan 
head  is  shown  in  figure  21-11. 

All  anchor  windlasses  were  formerly 
powered  by  steam,  ind  some  windlasses  on 
auxiliaries  still  use  steam  as  the  source  of 
power.  Small  combatant  ships  have  electrically 
powered  windlasses;  larger  combatant  ships 
have  vertical-shaft  wlndliuiises  with  electrohy- 
draullc transmission.  Hand-operated  windlasses 
are  in  use,  but  they  are  found  only  on  small 
ships  where  the  weight  of  the  anchor  gear  Is 
small  enough  to  be  handled  in  a  reasonable 
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Figure  21-ll.»Vertlcal-shaft  anchor  windlass. 

time  and  without  excessive  effort  on  the  part 
of  operatbig  personnel. 

CARRIER  CATAPULTS 

The  efficiency  of  an  aircraft  carrier  depends 
upon  the  speed  of  Its  alirjflane  launching  opera- 
tions. Therefore,  a  compact  and  efficient  device 
for  getting  all  aliplanes  IntothealrwlthUia  short 
time  Is  needed;:!fjhls  requirement  la  met  by  the 
modem  darrlbr  catapult.  The  catapult  permits 
controlled  application  of  a  predetermined  amount 
of  power  at  any  desired  Instant.  Through  the 
controlled  power  of  the  catapult,  theplaneonthe 
catiq;)Ult  Is  safely  accelerated  from  a  standstill 
to  flying  speed  wlthUi  the  limited  space  available 
on  the  fll^  deck  of  a  carrier. 

The  type  of  catapults  used  during  World  War 
n  and  throu^  the  Korean  bicldentwere  of  the 
pneumatic-hydraulic  type.  Catapults  of  thlstype 
adequatdy  met  laifnchlng  requirements,  but  the 
gradual  Uicrease  Ui  the  welg^  of  newly  designed 


aircraft  and  the  attendant  higher  launching  | 
speeds  continually  necessitated  the  develop-  | 
ment  of  larger  and  heavier  catapults.  By  1950,  : 
the  size  and  weight  of  the  pneumatic-hydraulic 
type  catapult  had  Increased  to  a  point  where 
any  further  Increase  would  be  lnq>ractlcable. 
British  Investigation  of  steam  as  the  source 
of  power  for  catapults  attracted  the  attention 
of  U.  S.  Navy  officials;  the  Navy's  powerfta 
steam  catapult  of  today  Is  the  resiilt  of  basic 
British  research.^  The  present  dlscusslcxi deals 
only  with  the  steam  catapult. 

The  major  components  of  a  steam  catapult 
are  shown  schematically  In  figure  21-12. 

During  the  operational  cycle  of  the  steam 
catapult,  the  plane  Is  first  spotted  astride  the  • 
catapult  slot  slightly  aft  of  the  shuttle.  The  \ 
airplane  Is  coupled  with  the  shuttle  by  means 
of  the  bridle  which  slips  over  the  shuttle  hook 
and  over  the  hooks  mounted  on  the  underside 
of  the  airplane  frame.  The  airplane  Is  anchored 
to  the  deck  by  means  of  the  holdback  device 
which  Is  released  at  the  moment  of  launch. 
The  grab,  attached  to  the  shuttle,  pushes  for-  ; 
ward  after  the  bridle  Is  attached  so  that  the  \ 
shuttle  puts  tension  on  the  bridle.  ) 

When  the  airplane  Is  ready  to  be  launched,  { 
with  Its  engines  running  at  full  power,  the  ]| 
launching  valves  are  opened  and  steam  Is  ad-  | 
mltted  to  the  after  side  of  each  piston.  The  ji 
resulthig  accelerating  force  combined  with  the  | 
engine  thrust  causes  a  calibrated  'leaking''  | 
lltdc  in  the  holdback  to  part  and  the  grab  re-  ! 
leases  the  shuttle.  The  shuttle  and  ainAane  are  | 
free  to  be  moved  forward  by  the  accelerating  i 
force.  I 

At  the  end  of  the  launching  run,  the  plane  { 
Is  airborne  and  the  bridle  Is  automatically 
released  from  the  hook.  The  brake  stops  the 
piston-shuttle  assethbly.  The  grab,  driven 
by  the  retracting  engine,  now  moves  along  the 
track,  hooks  the  shuttle,  and  returns  It  to  the 
launching  or  battery  position. 

The  principal  component  of  the  steam  catapult  ; 
Is  a  cylinder-piston  assembly^two  power  cyl-  ; 
Inders  and  two  pistons  per  catapult.  The  i 
spear-tlpped  pistons,  which  In  the  launching 


2 

For  greater  detail  on  the  history  and  operation  of 
the  steam  catapult,  see  The  Steam  Catapultt  NavAer 
00-80T-69. 
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Figure  21-12.— Major  components  of  a  steam  catiq^nilt. 


operation  are  forced  at  high  speed  through 
the  cylinders  by  steam  pressure,  are  solidly 
interconnected  1^  means  of  a  connector  shaped 
like  an  inverted  T.  The  vertical  leg  of  the 
Inverted  T  extends  upivard  through  a  slot  in 
the  tll^  decki  and  serves  as  the  hook  to 
which  the  aircraft  towing  bridle  Is  connected. 
The  piston  connector  is  attached  to  the  shuttle^ 
The  shuttle  is  a  small  rcfller-mounted  car 


which  moves,  during  the  launch,  on  tracks  in- 
stalled Just  under  the  flig^  deck.  (Seefig.  21-13.) 

Power  to  drive  the  shuttle  and  its  airplane 
load  comes  from  esqiandlng  steam  piped  to  the 
catapult  from  the  main  boilers  of  the  ship.  This 
steam  is  placed  under  pressure  In  large  tanks- 
called  accumulators  or  receivers— located  un- 
der the  launching  engine  on  the  hangar  deck. 
From  the  receivers,  the  steam  is  transferred 


Figure  21-lS.-Shuttle-connector-pl6ton  assembly  for  steam  catapult. 
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at  the  moment  of  launch  Into  the  power  cylin- 
ders. Steam  pressure  acts  directly  on  the 
pistons  and  prqpels  the  piston-shuttle  assembly 
through  the  cylinders.  A  sealing  strip  closes  the 
slot  in  each  cylinder  as  the  pistons  are  driven 
forward^  thus  preventing  the  escape  of  steam 
from  the  cylinder  slots  through  which  the  con- 
nector moves. 

Prior  to  a  launch,  the  engines  of  an  airplane 
must  be  q[>erating  at  full  power.  A  holdback 
device  is  utilized  to  prevent  the  airplane  from 
being  moved  forward  by  the  thrust  of  its  own 
engines^  until  the  time  of  launch.  The  holdback 
device  hooks  into  a  fitting  in  the  fli^^  deck. 

The  piston-connector-shuttle  assembly  is 
stopped  at  the  end  of  its  launching  run  by  a  water 
brake.  The  brake  consists  of  two  cylinders  of 
water  located  co-axiallywiththe  power  cylinders 
at  the  forward  end  of  the  catapult.  The  gpear  tips 
of  the  pistons  ram  into  the  water-fUled  cylinders. 
As  the  spear  tips  penetrate  the  water,  pressure 
buUds  tqp  and  stops  the  assembly .  (See  fig.  21  - 14 .) 

The  principal  unit  in  the  shuttle  retraction 
and  tensioning  systems  is  the  grab.  This  unit  is 


essentially  a  spring-loaded  latch  mounted  on  a 
wheeled  frame  just  aft  of  the  shuttle.  The  grab 
is  driven  alongthe  shuttle  trackthrough  a  system 
of  cables  by  hydraulic  force.  The  hydraulic  re- 
traction engine  consists  of  two  cylinders,  bione 
cylinder,  hydraulic  pressure  is  converted  into 
the  mechanical  motion  of  a  piston  rod  which  is 
installed  in  this  cylinder.  The  other  cylinder  is 
an  accumulator  in  which  hydraulic  liquid  is 
stored  under  pressure.  The  motion  of  the  piston 
rod  is  transmitted  to  a  device  called  a  crosshead 
to  which  the  drive  cables  of  the  grab  are  at- 
tached. (See  fig.  21-15.) 

Prior  to  a  launch,  the  grab  is  moved  forward 
by  a  hydraulic  cylinder-piston  assembly.  This 
assembly  is  located  aft  of  the  grab.  (See  fig. 
21-16.)  When  liquid  is  introduced  into  the  cyl- 
inder, the  piston  pushes  the  grab  forward.  The 
grab,  in  turn,  exerts  force  on  the  shuttle  so  that 
it  moves  forward  enough  to  place  tensicxi  on  the 
towing  bridle  which  connects  the  shuttle  to  the 
airplane.  When  the  laimch  Is  made,  the  grab  re- 
leases the  shuttle  and  it  is  driven  through  the 
power  cylinders  of  the  catapult  by  steam  pres- 
sure. After  the  laimch  is  made,  the  grab  is 


Figure  21-14.-Water  brake  of  a  steam  catqnilt. 
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Figure  21.15.-Cable8  and  crosshead  of  retraction  aystem  for  steam  catapult. 
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Figure  21-16.-Hydraullc  assembly  for  moving  the  grab  in  the 
tensioning  process. 


147.134 


535 


PRINCIPLES  OF  NAVAL  ENGINEERING 


Steering  Oemv 


MJL 
Nth 

Mm 

AU 

ZZZBSRO 

75 

H 

1* 

Inspect  all  pint,  couplings,  nnd 

tf-1 

no 

0.5 

None 

snsrcs* 

m 

0.5 

2. 

Inspect  agreement  of  hela  angle 

indicator  with  nechanical  rudder 

indicators. 

3. 

Inspect  ram  packing  glands  for 

correct  tlgjitness. 

4. 

Inspect  system  for  excessive  oil 

leaKSc 

AD 

CZZB8R0 

65 

A627 

W 

1. 

Lubricate  ram  room  machinery. 

tf«2 

1M3 

1.0 

None 

2. 

Lubricate  pump  room  machinery. 

3. 

Inspect  oil  levels. 

AU 

&ZZB8R0 

25 

2383 

M 

1. 

Inspect  rudder  stock  packing. 

M-1 

FN 

0.5 

None 

2. 

Clean  packing  gland. 

AU 

SZZB8R0 

65 

A628 

M 

1. 

Lubricate  pump  room  machinery. 

II*  z 

nlu 

0.5 

None 

AU 

SZZBSRO 

72 

6669 

Q 

1. 

Sound  and  tighten  foundation  bolts. 

Q-1* 

FN 

0.6 

None 

AU 

SZZB8R0 

45 

9347 

Q 

1. 

Drain  hydraulic  oil  filter  on  fill 

0-2 

FN 

0.2 

None 

and  drain  pump. 

AU 

UZB8R0 

45 

8150 

Q 

1. 

Provide  hydraulic  oil  sample  for 

Q-3 

FN 

0.1 

None 

cheodcal  analysis.  . 

AU 

SZZBSRF 

65 

A629 

Q 

1. 

Inspect  oil  level  and  lubricate 

Q.4 

MH2 

0.5 

None 

emergency  steering  gear. 

FN 

0.5 

2. 

Ttest  operate  unit. 

AU 

BZ1BCW4 

84 

491S 

S 

.1. 

Lubricate  flexible  couplings. 

S*l 

ito 

0.8 

None 

EZZB8R0 

65 

A63C 

8 

1.. 

Lubricate  folloir*up  gears. 

S*2 

Rl 

0.1 

None 

AU 

tZZXSkO 

65 

A631 

S 

1. 

Filter  oil  in  hydraulic  system. 

S-3 

MO 

3.0 

0-2 

• 

FN 

3.0 

AU 

KZ2B8R0 

25 

7756 

A 

1. 

Renew  oil  in  speed  reducers. 

A*l 

MD 

1.0 

None 

AU 

EZZB8RP 

85 

636C 

A 

1. 

Inspect  motor  brake  and  lubricate 

A-2 

MO 

0.3 

Non^ 

linkage. 

AU 

EZZB8R0 

65 

491S 

A 

1. 

Conduct  operational  test  of 

A-3 

mi 

0.3 

None 

steering  gear. 

(Page  1  of  2) 

MAUffCSANCC  MDCX  PkU 


eUttAU  ^Mt  CSNfSSl 


A-1/56-65 


Figure  21-17.-Plaimed  Maintenance  Index  Page,  steering  gear. 
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tVtTCM 

Auxiliary 

COMPONKNT 

Anchor  Windlass 

A-5  W-1 

tlM-tVtTKM 

Winches,  Capstans, 
Cranes  and  Anchor 
Handling 

MCUATCD  M.fl. 

None 

RATES 

MM3 

TOTAL  U 

i 

CLAPSEO 
< 

0.3 

M 
).3 

T9MEI 
>.3 

1.  Inspect  oil  levels. 

2.  Test  operate  windlass. 

SArCTV  ^flKCAUTIONS 

1.  Observe  standard  safety  precautions. 

2.  De-energice  circuit  and  tag  "Out  Of  Service." 

3.  Ensure  wildcat  is  disengaged  before  starting  windlass. 


1.  Oil,  Symbol  2190  TBP 

2.  Oil,  Symbol  2135  H 

3.  Oil,  Symbol  2110  H 

4.  Flashlight 

5.  Rags 


TOOUt.  ^AflTt.  MATCfllALS.  TCST  CQUI^MKNT 


6.  Funnel 

7.  8"  Adjustable  wrench 

8.  Safety  tag 


^nOCKDUflK 


jPreliainary 

a.  De-energise  circuit  and  tag  "Out  Of  Service." 

1.  Inspect  Oil  Levels. 

a.  Inspect  oil  level  in  main  gearcase,  power  unit 
gear  reducer,  and  hydraulic  system  storage  tank. 
Proper  oil  level  is  at  top  mark  on  gauge  rod. 
Replenish  gearcase  and  reducer  with  oil.  Symbol 
2190  TBP;  replenish  hydraulic  system  with  oil, 
Symbol  2135  H. 

b.  Inspect  oil  level  in  power  brake  storage  tank. 
Proper  level  is  at  center  line  oh  gauge.  Replenish 
with,  oil,  Syttbol  2110  H. 

UARNIMG:   Bnsure  wildcat  is  disengaged  before  starting 
windlass. 

2.  Test  Operate  WindlAss> 

a.  Remove  safety  tag  and  energise  circuit. 

b.  Operate  unit;  inspect  for  proper  operation. 


LOCATION 




1   July  1965 


Figure  21-18.  -Maintenance  Requirement  Cards-continued. 
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driven  along  the  track  by  the  retraction  engine, 
hooks  onto  the  shuttle,  and  returns  it  to  the 
launching  position. 

AUXILIARY  EQUIPMENT  OPERATION, 
BIAINTENANCE  AND  SAFETY 

Thw  operation  and  safety  pertaining  to  aux- 
tH^rj  equipment  i^hcHtld  be  in  accordance  with 
NavShips  Techniosl  ^Xanual  and/or  the  Instruc- 
Uono  posted  on  or  near  each  individual  piece  of 
equipment.  All  maintenance  actions,  tests,  and 


Inspections  should  be  accomplished  In  accord- 
ance with  the  3-M  System  (PMS  Subsystem). 
Figure  21-17  (Maintenance  hidex  Page)  shows 
the  mLiimimi  maintenance  reqMlrements  for  a 
steering  gear.  Examples  of  maintenance  re- 
quirements for  two  types  of  auxiliary  equipment 
are  shown  in  figure  21-18.  Note  that  the  Main- 
tenance Req^irement  Cards  list  safety  precau- 
tions to  be  observed,  the  tools,  parts,  materials, 
and  test  equipment  required,  and  give  the  proce- 
dures to  follow  when  performing  the  specified 
maintenance. 
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PART  V-OTHER  TYPES  OF  PROPULSION 

PLANTS 

Chapter  22  Diesel  and  Gasoline  Engines 

Chapter  23  Gas  Turbines 

Chapter  24  Nuclear  Power  Plants 

Chapter  25  New  Developments  in  Naval  Engineering 


The  conventional  steam  turbine  propulsion  plant,  although  widely  used, 
Ati  by  no  means  the  only  propulsion  plant  in  naval  use.  Chapter  22  deals 
with  Internal  combustion  engines  of  the  reciprocating  type— diesel  and 
gasoline.  Chapter  23  discusses  the  Increasingly  important  gas  turbine 
engine.  Chapter  24  takes  up  the  nuclear  power  plant— a  plant  which  utilizes 
the  steam  turbine  as  a  prhne  mover  but  which  employs  the  nuclear  reactor 
rather  than  the  conventional  boiler  as  a  source  of  heat  for  the  generation 
of  steam.  Chapter  25providesabrief  survey  of  new  developments  in  naval 
engineering  and  indicates  some  of  the  areas  in  which  future  developments 
may  change  the  nature  of  our  present  shipboard  engineering  plants. 
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CHAPTER  22 


DIESEL  AND  GASOLINE  ENGINES 


Much  of  the  machinery  and  equipment  dis- 
cussed in  the  preceding  chapters  utilizes  steam 
as  the  working  fluid  in  the  process  of  converting 
thermal  energy  to  mechanical  energy.  This  chap- 
ter deals  with  internal  combustion  engines,  in 
which  air  (or  a  mixture  of  air  and  fuel)  serves 
as  the  working  fluid.  The  internal  conibustion 
engines  considered  are  those  to  which  the 
thermodynamic  cycles  of  the  open  and  heated- 
engine  ^es^  apply.  In  engines  \i1iich  operate 
on  these  cyclies,  the  working  fluid  is  taken  into 
the  engine,  heat  is  added  to  the  fluid,  the 
energy  available  in  the  fluid  is  utilized,  and. 
then  the  fluid  is  discarded.  During  the  process, 
thermal  eniergy  is  converted  to  mechanical 
energy..  The  purpose  of  this  chapter  is  to  pre- 
sent the  basic  theory  and  the  fundamental 
principles  underlying  the  energy  conversion 
in  internal  combustion  engines,  and  the  functions 
of  the  engine  parts,  accessories,  and  systems 
essential  for  the  ccmversion.  No  attempt  is 
made  to  describe  design,  construction,  models, 
etc.,  except  as  neciessary  to  make  the  theory  of 
pperation  and  the  function  of  components  readily 
understandable. 

Internal  combustion  engines  are  used  exr 
tensively  in  the  Navy,  serving  as  propulsion 
units  in  a  variety  of  iijstallations  such  as  shl^s, 
boats,  airplanes,  and  automotive  vehicles.  Eh- 
gines  of  the  internal  comburt  type  are  also 
used  as  prime  moyeiirs  for  auxiliary  machinery. 
Internal  combustion;  engines  in  a  majority  of 
the  shipboard  installations  are  of  the  recU>ro- 
cating  type.  In  relatively  recent  years,  en^es 
of  the  gas  turbine  type  have  been  placed  in  Navy 
service  as  power  plants.  Gas  turbine  engines  are 
discussed  in  chapter  23  of  this  text. 


Thermodlynamlo  oyoles  ore  discussed  in  chapter  8  of 
this  text. 


RECIPROCATING  ENGINES 

Most  of  the  internal  combustion  engines 
in  marine  installations  of  the  Navy  are  of  the 
reciprocating  type.  This  classification  is  based 
on  the  fact  that  the  cylinders  in  which  the 
energy  conversion  takes  place  are  fitted  with 
pistons,  which  employ  a  reciprocating  motion. 
Internal  combustion  engines  of  the  reciprocating 
type  are  commonly  identified  as  dieisel  and  gaso- 
line engines.  The  general  trend  in  navy  service 
is  to  install  diesel  engines  rather  than  gasoline 
engines  unless  special  conditims  favor  the  use 
of  the  latter. 

Most  of  the  information  on  reciprocating 
engines  in  this  chapter  applies  to  diesel  and 
gasoline  engines.  These  engines  differ,  how- 
ever, in  some  respects;  the  principal  dif- 
ferences which  exist  are  noted  and  discussed. 

Basic  Principles 

The  operation  of  an  internal  combustion 
engine  of  the  reoiprocatihg  type  involves  the 
admission  of  fuel  and  air  into  a  combustion 
space  and  the  compression  and  ignition  of  the 
charge.  The  resulting  combustion  releases  gases 
and  increases  the  temperature  within  theqpace. 
As  temperature  increases,  pressure  increases 
and  forces  the  piston  to  move.  This  movement  is 
transmitted  through  a  chain  of  parts  to  a  shaft. 
The  resulting  rotary  motion  of  the  shaft  is 
utilized  for  work;  thus,  heat  energy  is  trans- 
formed into  mechanical  energy.  In  order  for 
the  process  to  be  continuous,  the  expanded 
gases  must  be  removed  from  the  combustion 
qpiace,  a  new  charge  admitted,  and  then  the 
process  repeated. 

In  the  study  of  engine  operating  principles, 
starting:  with  the  admission  of  air  and  fuel  and 
following  through  to  the  removal  of  the  expanded 
gases,  it  will  be  noted  that  a  series  of  events 
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takes  place.  The  term  cycle  Identifies  the 
sequence  of  events  that  takes  place  in  the 
cylinder  of  an  engine  for  each  power  impulse 
transmitted  to  the  crankshaft.  These  events 
always  occur  in  the  same  order  each  time  the 
cycle  Is  repeated.  The  number  of  events  oc- 
curring in  a  cycle  of  operation  will  depend 
iqpon  the  engine  type— dlesel  or  gasoline.  The 
difference  in  the  events  occurring  in  the  cycle 
of  operation  for  these  engines  is  shown  in  the 
following  table. 


The  events  and  their  sequence  in  a  cycle 
operation  for  a: 

DIESEL  ENGINE 

GASOLINE  ENGINE 

INTAKE  of  air 
COMPRESSION  of  air 

INJECTION  of  fuel 
IGNITION  AND  COM- 
BUSTION of  charge 
EXPANSION  of  gases 
REMOVAL  of  waste 

INTAKE  of  fuel  and  air 
COMPRESSION  of  fuel- 
air  mixture. 

IGNITION  and  COM- 
BUSTION of  charge 
EXPANSION  of  gases 
REMOVAL  of  waste 

The  principal  difference,  as  shown  in  the 
table,  in  the  cycles  of  operation  for  diesel  and 
gasoline  engines  involves  the  admission  of 
fuel  and  air  to  the  cylinder.  While  this  takes 
place  as  one  event  in  the  operating  cycle  of  a 
gasoline  engine,  it  involves  two  events  in 
diesel  engines.  Thus,  insofar  as  events  are 
concerned,  there  are  six  main  events  taking 
place  in  the  diesel  cycle  of  operation  and  five 
in  the  cycle  of  a  gasoline  engine.  This  is  pointed 
out  in  order  to  emphasize  the  fact  that  the 
events  which  take  place  and  the  piston  strokes 
which  occur  during  a  cycle  of  operation  are  not 
Identical.  Even  though  the  events  of  a  cycle 
are  closely  related  to  piston  position  and  move- 
ment,: all  of  the  events  will  take  place  during 
the  cycle  regardless  of  the  number  of  piston 
strokes  involved.  The  relaticmship  of  events 
and  piston  strokes  is  discussed  later  under  a 
separate  heading. 

The  mechanics  of  engine  operation  is  some- 
times referred  to  as  the  mechanical  or  operating 
SZi^  of  an  engine;  while  the  heat  process  which 
produces  the  forces  that  move  engine  parts  may 
be  referred  to  as  the^combustion  cycle.  A  cycle 
of  each  type  is  included  in  a  cycle  of  engine  op- 
eration. 


Mechanical  Cycles 

In  the  preceding  section,  the  events  taking 
place  in  a  cycle  of  engine  operation  were 
emphasized.  Little  was  said  about  piston  strokes 
except  that  a  complete  sequence  of  events  would 
occur  during  a  cyde  regardless  of  the  number  of 
strikes  made  by  the  piston.  The  number  of 
piston  strtikes  occurring  during  any  one  series 
of  events  is  limited  to  either  two  or  four,  de- 
pending upon  the  design  of  the  engine;  thus,  the 
4-stroke  cycle  and  the  2-stroke  cycle.  These 
cycles  are  known  as  the  mechanical  cycles  of 
operation. 

Four-  and  Two-Strtike  Cycles.— Both  types 
of  mechanical  cycles  are  used  in  diesel  and 
gasoline  engines.  However,  most  large  gaso- 
line engines  in  Navy  service  operate  on  the 
4-stoke  cycle;  a  greater  number  of  diesel 
engines  operate  on  the  2- stroke  than  on  the 
4-stroke  cycle.  The  relationship,  of  the  events 
and  piston  strokes  occurring  in  a  cycle  of  op- 
eration involves  some  of  the  differences  be- 
tween the  2- stroke  cycle  and  the  4- stroke  cycle. 


RELATIONSHIP  OF  EVENTS  ANDSTROKES 
IN  A  CYCLE  .—A  piston  strike  is  the  distance  a 
piston  moves  between  limits  of  travel.  The 
cycle  of  operation  is  an  engine  operating  on  the. 
4-stroke  cycle  involves  four  piston strtikes^in- 
take,  compression,  power,  and  exhaust.  In  the 
case  of  the  z- stroke  cycle,  only  two  strdkes 
apply— power  and  compression. 

A  check  of  the  previous  table  listing  the 
series  of  events  which  take  place  during  the 
cycles  of  operation  of  diesel  and  gasoline  en- 
gines will  show  that  the  strokes  are  named  to 
correspond  to  some  of  the  events.  However, 
since  six  events  are  listed  for  diesel  engines 
and  five  events  for  gasoline  engines,  it  is  evi- 
dent that  more  than  one  event  takes  place  during 
some  of  the  strokes,  especially  in  the  case  of 
the  2-8tr()ke  cycle.  Even  though  this  is  the  case, 
it  is  conuncm  practice  to  identify  some  of  the 
events  as  strokes  of  the  piston.  This  is  because 
such  events  as  intake,  compression,  power  and 
exhaust  in  a  4-stroke  cycle  involve  at  least  a 
major  portion  of  a  stroke  and,  in  some  cases, 
more  than  one  stroke.  The  same  is  true  <A 
power  and  compression  events  and  strokes  in  a 
2- stroke  cycle.  Such  association  of  events  and 
strokes  overlooks  other  events  taking  place 
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during  a  cycle  of  cqperation.  Thie  overeight 
sometimes  leads  to  confusion  when  the  op- 
erating principles  of  an  engine  are  being  con- 
sidered. 

This  discussion  points  out  the  relationship 
of  events  to  strokes  by  covering  the  niunber  of 
events  occurring  during  a  specific  stroke,  the 
duration  of  an  event  with  respect  to  a  piston 
stroke,  and  the  cases  where  one  event  overlaps 
another.  The  relationship  of  events  to  strokes 
can  be  ishown  best  by  making  use  of  graphic  rep- 
resentation of  the  changing  situatim  occurring  in 
a  cylinder  during  a  cycle  of  operation.  Figure 
22-1  Illustrates  these  changes  for  a  4-stroke 
cycle  diesel  engine. 

The  rellAtionship  of  events  to  strokes  is  more 
readtty  understood,  If  the  movements  of  aplston 
and  its  crankshaft  are  considered  first.  In  part  A 
of  figure  22-1,  the  reciprocating  motion  and 
strcdce  of  a  piston  are  indicated  and  the  rotary 
motion  of  the  crank  during  two  piston  strokes  is 
shown.  The  positions  of  the  piston  and  crank  at 
the  start  and  end  of  a  stroke  are  marked  ''tpp^' 
and  "bottom,  respectively.  U  these  positions 
and  movements  are  marked  on  a  circle  (part  B, 
fig  22-1)  the  piston  posit icm,  when  at  the  top  of 
a  stroke,  is  located  at  the  top  of  a  circle.  When 
the  piston  is  at  the  bottom  of  astrdke,  the  piston 
position  is  located  at  the  bottom  center  of  the 
circle.  Note  in  parts  A  and  B  of  figure  22-1  that 
the  top  center  and  bottom  center  identify  points 
where  changes  in  direction  of  motion  take  place. 
In  other  words,  when  the  piston  is  attqp  center, 
upward  motion  has  stopped  and  downward  motion 
Is  ready  to  start  or,  with  req;>ect  to  motion, 
the  piston  Is  "dead.'' 

The  points  which  designate  changes  In  di- 
rection of  motion  for  a  piston  and  crank  are 
conmibnly  called  too  dead  center  (TDC)  and 
bottom  dead  center  (BDC). 

If  the  circle  Illustrated  in  B  is  broken  at 
various  points  and  "spread  out''  (part  C,  fig. 
22-1),  the  events  of  a  cycle  and  their  relation- 
ship to  the  strokes  and  how  some  of  the  events 
of  the  cycle  overlap  can  be  shown.  TDC  and 
BDC  should  be  kept  In  mind  since  they  Identify 
the  start  and  end  of  a  stroke  and  th^  are  the 
points  from  which  the  start  and  end  of  events 
are  established. 

By  following  the  strokes  and  events  as  Illus- 
trated, It  can  be  noted  that  the  Intake  event  starts 
before  TDC,  or  before  the  actual  down  stroke 
(Intake)  starts,  and  continues  on  past  BDC,  or 
beyond  the  end  of  the  stroke.  The  conq>ressicm 
event  starts  when  the  intake  event  ends,  but  the 


iqpstroke  (compression)  has  been  In  process 
since  BDC.  The  Injection  and  ignition  events 
overlap  with  the  latter  part  of  the  conqpresslon 
event,  which  ends  at  TDC«  The  burning  of  the 
fuel  continues  a  few  degrees  past  TDC.  The 
power  event  or  eaqpansion  of  gases  ends  several 
degrees  before  the  down  (power)  strcke  ends 
at  BDC.  The  exhaust  event  starts  when  the  power 
event  ends  and  continues  tlurough  the  complete 
upstroke  (exhaust)  and  past  TDC.  Notethe  over- 
lap of  the  exhaust  event  with  the  Intake  event  of 
the  next  cycle.  The  details  on  why  certain 
events  overlap  and  why  some  events  are  shorter 
or  longer  with  recrpect  to  strokes  will  be  covered 
later  In  this  chapter. 

From  the  preceding  discussion.  It  can  be 
seen  why  the  term  "stroke"  is  sometimes  used 
to  Identify  an  event  which  occurs  i(i  a  cycle  of 
operation.  However,  It  is  best  to  keep  In  mind 
that  a  stcke  involves  180''  of  crankshaft  rotation 
(or  piston  movement  between  dead  centers)  while 
the  corresponding  event  may  take  place  durlnga 
greater  or  lesser  number  of  degrees  of  shaft 
rotation. 

The  relationship  of  events  to  strokes  In  a 
2-stroke  cycle  diesel  engine  Is  shown  In  figure 
22-2.  Comparison  of  figures  22-1  and  22-2  re- 
veals a  number  of  differences  between  the  two 
types  of  mechanical  or  operating  cycles.  These 
differences  are  not  too  difficult  to  understand  If 
one  keeps  in  mind  that  four  piston  strokes  and 
720*  of  crankshaft  rotation,  are  Involved  In  the 
4-8troke  cycle  while  only  half  as  many  strokes 
and  degrees  are  Involved  In  a  2-8troke  cycle. 
Reference  to  the  cross-sectional  Illustrations 
(fig.  22-2)  will  aid  In  associating  the  event  with 
thie  Relative  position  of  the  piston.  Even  though 
the  two  piston  strokes  are  frequently  referred 
to  as  power  and  compression,  they  are  Identified 
as  the  "down  stroke"  (TDC  to  BDC)  and  "up 
stroke"  (BDC  to  TDC)  Inthls  discussion  In  order 
to  avoid  coitfuslon  when  reference  Is  made  to  an 
event. 

Starting  with  the  admission  of  air,  (1)  figure 
22-2,  we  find  that  the  piston  Is  in  the  lower  half 
of  the  down  stroke  and  that  the  exhaust  event  (6) 
Is  in  process.  The  esdiaust  event  started  (6')  a 
number  of  degrees  before  Intake,  both  starting 
several  degrees  before  the  piston  reached  BDC. 
The  overliQ)  of  these  events  is  necessary  In 
order  that  the  Incoming  air  (1')  can  aid  in 
clearing  the  cylinder  of  exhaust  gases.  Note  that 
the  exhaust  event  stops  a  few  degrees  before  the 
Intake  event  stops,  but  several  degrees  after  the 
upstroke  of  the  piston  tias  started.  (The  exhaust 
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Figure  22-1.— Relationship  of  events  and  strokes  In  a  4-8troke  cycle  dlesel  engine. 


event  In  some  2-str6kecycledlesel  engines  ends 
a  few  degrees  after  the  Intake  event  e^ds.)  When 
the  scavenging  event  ends,  the  cylinder  Is 
charged  with  the  air  which  Is  to  be  conqpressed. 
The  compresslbn  event  (2)  and  (20  tadces  place 
during  the  QUtJor  pprtlcn  of  the  ij(patroke«  The 
Injection  event  (3)  and  (30  ahd  lgnitlmai^  com- 
bustion (4)  and  (40  occiir  divrlM  the  latter  part^ 
kA  the  upstroke,  (The  point  at  ^Idithe  injection 


ends  varies  with  engines.  IhsomecaseSi  It  ends 
before  TDC;  In  otherSi  a  few  degrees  after  TDC.) 
The  intense  heat  generated  during  the  compres- 
sion of  the  air  Ignites  the  fuel-air  mbiture  and 
the  pressure  resulting  from  combustkm  forces 
the  piston  down.  The  eqpanslcm  (5  and  50  cf  the 
gases  continues  throu^  a  major  portion  of  the 
down  stroke.  After  the  force  of  the  gases  has 
been  espended,  the  eadiaust  valve  opens  (60  and 
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permits  the  burned  gases  to  enter  the  exhaust 
manifold.  As  the  piston  moves  downwardi  the  in- 
take ports  are  uncovered  (!')  and  the  incomhig 
air  clears  the  cylinder  of  ttie  remaining  ex- 
haust gases  and  fills  the  cylinder  with  a  fresh 
air  charge  (1);  thus,  the  cycle  of  operation  has 
started  again. 

Now  what  is  the  difference  between  the  2- 
and  4-stroke  cycles?  From  the  standpoint  of  the 
mechanics  of  operation,  the  principal  difference 
is  in  the  number  of  piston  strokes  taking  place 
during  the  cycle  of  events.  A  more  significant 
difference  is  the  fact  that  a  2-stroke  cycle 
engine  delivers  twice  as  many  power  impulses 
to  the  crankshaft  for  every  720*  of  shaft  rotation. 
(See  fig.  22-3.) 

Diagrams  showing  the  mechanical  cycles  of 
operation  in  gasoline  engines  would  be  somewhat 
similar  to  those  described  for  diesel  engines 
except  that  there  would  be  one  less  event  taking 
place  during  the  gascfline  engine  cycle.  Since  air 
and  fuel  are  admitted  to  the  cylinder  of  a  gasoline 
engine  as  a  mixture  during  the  intake  event,  the 
injection  event  does  not  apply. 

The  figures  shown  here  representing  the 
cycles  of  operation  are  for  Illustrative  purposes 
only.  The  exact  number  of  degrees  before  or 
after  TDC  or  BDC  that  an  event  starts  and  ends 
will  vary  between  engines.  Information  on  such 


details  /should  be  obtained  from  appropriate 
technical  manuals  dealing  with  the  specific  en- 
gine in  question. 

Combustion  Cycles 

To  this  point,  the  strokes  of  a  piston  and  the 
related  events  taking  place  during  a  cycle  of 
operation  have  been  given  greater  consideration 
than  the  heat  process  involved  in  the  cycle.  How- 
ever, the  mechanics  ot  engine  operation  cannot 
be  discussed  without  dealing  with  heat.  Such 
terms  as  ignition,  combusticxi,  and  expansion  of 
gases,  all  indicate  that  heat  is  essential  to  a 
cycle  of  engine  operation.  So  far,  particular 
differences  between  diesel  and  gasdline  engines 
have  not  been  pointed  out,  except  the  number  of 
events  occurring  during  the  cycle  of  operation. 
Whether  a  diesel  engine  or  a  gasoline  engine, 
the  2-  or  the  4-8trdce  cycle  may  apply.  Then, 
one  of  the  principal  differences  between  these 
types  of  engines  must  invcflve  the  heat  process 
utilized  to  produce  the  forces  which  make  the 
engine  operate.  The  heat  processes  are  some- 
times called  combustion  or  heat  cycles. 

The  three  most  common  combustion  cycles 
associated  with  reciprocating  internal  combus- 
tion engines  are  the  CXto  cvcle«  the  true  diesel 
cyde,  and  the  modified  diesel  cycle. 
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Figure  22-3.— Comparison  of  the  2-  and  4-stroke  cycles. 
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Chapter  22.  -DIESEL  AND  GASOLINE  ENGINES 


1       Reference  to  c  ombust  ion  cycles  suggests  an- 
!  other  Important  difference  betiveen  gasoline  and 
i  diesel  engines— compression  pressure.  This 
;  factor  is  directly  related  to  the  combustionproc- 
i  ess  utilized  in  an  engine.  Diesel  engines  have  a 
I  muchhighercompressionpressurethangasoline 
I  engines.   The  higher  compression  pressure  In 
diesels  explains  the  difference  In  the  methods  of 
ignition  used  in  gascfllne  and  diesel  engines. 
Compressing  the  gases  within  a  cylinder  raises 
the  temperature  of  the  confined  gases.  The 
greater  the  compressioni  the  hi^r  the  temper- 
ature.  In  a  gasoline  engine,  the  compression 
temperature  is  always  lower  than  the  point  where 
the  fuel  would  ignite  spontaneously.  ThuSi  the 
heat  required  to  ignite  the  fuel  must  come  from 
an  external  source-^spark  ignition.  Onthe  other 
handi  the  compression  temperature  in  a  diesel 
engine  is  Ibt  above  the  ignition  point  of  the  fuel 
oU;  therefore,  ignition  takes  place  as  a  result 
heat  generated  by  compression  of  the  air  within 
the  cylinder— compression  ignition. 

The  difference  In  the  methods  of  ignition  Indi- 
cates that  there  is  abasic  difference  In  the  com- 
bustion cycles  upon  which  diepel  and  gasoline 
engines  operate.  This  difference  Involves  the 
behavior  of  the  combustion  gases  under  varying 
conditions  of  pressurei  temperaturOi  and  vol- 
j  ume.  Since  this  is  the  case,  the  riBlationship  of 
these  factors  is  considered  before  the  combus- 
tion cycles. 

RELATIONSHIP  OF  TEMPERATURE,  PRES- 
SURE, AND  VOLUME.— The  relationshipof  these 
three  conditions  as  found  In  an  engine  can  be 
Illustrated  by  considering  what  takes  place  In  a 
cylinder  fitted  with  a  reciprocating  piston.  (See 
fig.  22-4.) 

Instruments  are  provided  which  Indicate  the 
pressure  within  the  cylinder  and  the  ten^era- 
ture  Inside  and  outside  the  cylinder.  Consider 
that  the  air  In  the  cylinder  is  at  atmospheric 
pressure  and  that  the  temperatures,  inside  and 
outside  the  cylinder,  are  about  70^F.  (See  fig* 
22-4A.) 

ff  the  cylinder  is  an  airtight  container  and  a 
force  pushes  the  piston  toward  the  top  of  the 
^  cylinder,  the  entrapped  charge  will  be  com- 
pressed. As  the  compression  progresses,  the 
volume  of  the  air  decreases,  the  pressure  in- 
creases, and  the  temperature  rises  (see  B  and 
C).  These  changing  conditions  continue  as  the 
piston  moves  and  when  the  piston  nears  TDC 
(see  D)  we  find  that  there  has  been  a  marked 
decrease  in  volume  and  that  both  pressure  and 


temperature  are  much  greater  than  at  the  be- 
ginning of  compression.  Note  that  pressure  has 
gone  from  0  to  470  psi  and  temperature  has  in- 
creased from  70^  to  about  1000^  F.  These  chang- 
ing conditions  indicate  that  mechanical  energy, 
in  the  form  of  work  done  on  the  piston,  has  been 
transformed  into  heat  energy  in  the  compressed 
air.  The  temperature  of  the  air  has  been  raised 
sufficiently  to  cause  ignition  of  fUel  Injected  into 
the  cylinder. 

Further  changes  take  place  after  ignition. 
Since  ignition  occurs  shortly  before  TDC,  there 
is  little  change  in  volume  until  the  piston  passes 
TDC.  However,  there  is  a  sharp  Increase  in 
pressure  and  temperature  shortly  after  ignition 
takes  place.  The  increased  pressure  forces  the 
piston  downward.  As  the  piston  moves  down- 
ward, the  gases  eq)and,  or  Increase  in  vdume, 
and  pressure  and  temperature  decrease  rapidly. 
The  changes  in  volume,  pressure,  and  tempera- 
ture, described  and  Illustrated  here,  are  rep- 
resentative of  the  changing  conditions  within  the 
cylinder  of  a  modern  diesel  engine. 

The  changes  in  volume  and  pressure  in  an 
engine  cj^inder  can  be  illustrated  by  diagrams 
similar  to  those  shown  in  figure  22-5.  Such 
diagrams  are  made  by  devices  which  measure 
and  record  the  pressures  at  various  pistonposi- 
tions  during  a  cycle  of  engine  operation.  Dia- 
grams which  show  the  relat  ionship  betweenpres- 
sures  and  -corresponding  piston  positions  are 
called  pressure-volume  diagrims  or  Indicator 
cards.  Examples  of  theoretical  and  actual  pres- 
sure-volume diagrams  are  used  In  this  chapter 
with  the  description  of  combustion  cycles. 

On  diagrams  which  provide  a  graphic  repre- 
sentation of  cylinder  pi  essure  as  related  to  vol- 
ume, the  vertical  lltie  P  on  the  diagram  (fig. 
22-5)  represents  pressure  and  the  horizontal 
line  V  represents  volume.  When  a  diagram  is 
used  as  an  indicator  card,  the  pressure  line  is 
marked  off  in  units  of  pressure  and  the  volume 
line  is  marked  off  in  inches.  Thus,  the  volume 
line  could  be  used,  to  show  the  length  of  the 
piston  strcte  which  is  proportional  to  volume. 
The  distance  between  adjacent  letters  on  each 
of  the  diagrams  represents  an  event  of  a  com- 
bust ion  cycle;rihat  is,  compressionof  air,  burn- 
ing of  the  charge,  esqpans  ion  of  gas,  andx:einoval 
of  gases. 

The  diagrams  shown  in  figure  22-5  provide 
a  means  by  which  the  Otto  and  true  diesel  com- 
bustion cycles  can  be  compared.  Reference  to 
the  diagrams  during  the  fallowing  discussion  of 
these  combustion  cycles  will  aid  in  identi^lng 
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Figure  22- Volume,  temperature,  and  pressure  relationships  In  a  cylinder. 


the  principal  differences  existing  between  the 
cycles.  The  diagrams  shown  are  theoretical 
pressure-volume  diagrams.  Diagrams  repre- 
senting conditions  in  operating  engines  are 
given  later.  Information  obtained  from  actual 
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Indicator  diag^ms  may  be  used  in  checking  I 
engine  performance. 

OTTO  (CONSTANT- VOLUME)  CYCLE.-fo  I 
theory,  this  combustion  cycle  is  one  in  which 
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OTTO  CYCLE  DIESEL  CYCLE 


75.5 

Figure  22-5.«-Pre88ure-volume  diagrams 
for  theoretical  combustion  cycles. 

combustioDi  induced  by  spark  ignition,  occurs 
at  constant  volume.  The  Otto  cycle  and  its  prin- 
ciples serve  as  the  basis  for  modern  gasoline 
engine  designs. 

Compression  (see  line  A-B,  figure  22-5)  of 
the  charge  In  the  cylinder  is  adlabatic.  Spark 
Ignition  occurs  at  B,  and,  due  to  the  volatility 
ot  the  mixture,  combustion  practically  amounts 
to  an  esqplosion.  Combustion,  representted  by 
line  BC,  occurs  (theoretically)  Just  as  the  piston 
reaches  TDC.  During  combustion,  there  is  no 
piston  travel;  thus  there  is  no  change  in  the  vol- 
ume of  the  gas  In  the  cylinder.  Thisaccounts  for 
the  descriptive  term,  constant  volume.  During 
combustion,  there  is  a  rapid  rise  of  temperature 
followed  by  a  pressure  Inc  r  ease  ^rtiich  performs 
the  work  during  the  esqwision  phase,  represented 
by  line  CD.  The  removal  of  gases,  represented  by 
line  DA,  is  at  constant  volume. 

TRUE  DIESEL  (CONSTANT-PRESSURE) 
CYCLE.-Thls  cycle  may  be  defined  as  one  in 
which  TOmbustion,  Induced  by  compression  Ig- 
nltiony  theoretically  occurs  at  a  constant  pres- 
sure. Adlabatic  compression  (represented  by 
line  AB,  fig.  22-5)  of  the  air  Increases  its  tem- 
berature  to  a  point  where  Ignition  occurs  auto- 
matically when  the  Atel  Is  Injected.  Fuel  Injec- 
Uon  and  combustion  are  so  controlled  as  to  give 
constant-pressure  combustion  (represented  by 
line  BC  ).  This  is  followed  by  adlabatic  e^Muision 
(represented  by  line  CD)  and  constant  volume 
(represented  by  the  line  DA). 

In  the  true  dlesel  cycle,  the  burning  of  the 
mixture  of  fuel  and  compressed  air  is  a  relatively 
Blow  process  when  compared  with  the  quick,  ex- 
[doslve-type  combustion  process  of  the  Otto 
Byde.    The    Injected    fuel   penetrates  the 


compressed  air,  some  of  the  fUel  ignites,  then 
the  rest  of  the  charge  bums.  The  expansion  of 
the  gases  keeps  pace  with  the  change  in  volume 
caused  by  piston  travel;  thus  combustion  is  said 
to  occur  at  constant  pressure  (represented  by 
line  BC). 

MODIFIED  COMBUSTIOW  CYCLES.-The 
preceding  discussion  covers  the  theoretical 
combustion  cycles  which  sorve  as  the  basis  for 
modern  engines.  Tn  actual  operation,  modern 
engines  qperate  on  modifications  of  the  theo- 
retical cycles.  However,  characteristics  of  the 
true  cycles  are  lnox)rporated  in  the  cycles  of 
modern  engines.  TMs  is  pointed  out  in  the  follow- 
ing discussion  of  examples  representing  the 
actual  cycles  of  operation  in  gasoline  anddiesel 
engines. 

The  following  examples  are  based  on  the  4- 
stroke  mechanical  cycle  since  the  majority  of 
gasoline  engines  use  this  type  ot  cycle;  thus,  a 
means  of  comparing  the  cycles  found  In  both 
gasoline  and  diesel  engines  is  provided.  Differ- 
ences existbig  in  diesel  engines  operating  on  the 
2-stroke  cyde  are  pointed  out. 

The  illustrations  in  figures  22-6  and  22-7 
represent  the  changing  conditions  in  a  cylinder 
during  engine  operation.  Some  of  the  events  are 
exaggerated  In  order  to  show  more  clearly  the 
change  which  takes  place  and,  at  the  same  time, 
to  show  how  the  theoretical  and  actual  cycles 
differ. 

The  compression  ratio  situation  and  a  pres- 
sure-volume diagram  for  a  4- stroke  Otto  cycle 
is  shown  in  figure  22-6.  Illustration  A  shows 
the  piston  on  BDC  at  the  start  of  an  upstroke. 
(Tn  a  4-stroke  cycle  engine,  this  stroke  could 
be  either  that  identified  as  the  compression 
stroke  or  the  exhaust  stroke.)  Notice  that  in 
moving  from  BDC  to  TDC  (Ulustration  B),  the 
piston  travels  5/6  of  the  total  distance  ab.  Jn 
other  words,  the  volume  has  been  decreased  to 
1/6  of  the  volume  iriien  the  piston  was  at 
BDC.  Thus,  the  compression  ratio  is  6  to  1. 

Illustration  C  shows  the  changes  in  volume 
and  pressure  during  one  complete  4-stroke 
cycle.  Note  that  the  Itaes  representing  the  com- 
bustion and  exhaust  phases  are  not  straight  as 
they  were  In  the  theoretical  diagram.  As  In  the 
diagram  of  the  theoretical  cyde,  the  vertical 
line  at  the  left  represents  cylinder  pressiure  in 
pol.  Atmospheric  pressure  Is  rqpresmted  by  a 
horizontal  line  called  the  atmospheric  pressure 
line.  Pressures  below  this  line  are  less  than 
atmospheric  pressures,  while  pressures  above 
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Figure  22-6«-Pr688ure»v(Auine  diagram,  Otto  4-8troke  cycle. 
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the  line  represent  compression.  The  bottom 
horizontfa  line  provides  a  means  of  represent- 
ing cylinder  vcdumeVand  pistcm  movement.  The 
volume  line  ;  has  been  divided  hito  six  parts 
^ch  corre/qpond  to  the  divisioM^  of  vcflume 
shown^  in  iUustratiqn  A«  Since  piatbh  movemeiot 
and  iV61ume  are  proportional,  the  distance  be- 
tween O  ind  6  indicated  the  vcdiume  when  the 
pist<m  iS  vSt  ;BDC,  and  the  distance  from  O  to  1 
the  vdlume  with  the  piston  at  TDC:  Thus,  the 
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distance  from  1  to  6  corresponds  to  total  piston 
travel  and  units  of  the  distance  may  be  used  to 
identify  changes  in  v<dume  resulting  from  the 
reciprocating  motion  of  the  piston. 

The  curved  lines  of  illustration  C  represent 
the  changes  of.  bpth  pressure  and  VQliune  which 
take  place  during  the*  four  piston  stridces  of 
the  cycle.  To  conform^  to  the  discussion  on  the 
relatiODsMp  of  strokes  and  events  (see  fig. 
22^1)^th«^cfcle  of  operation  starts  with  intake. 


Figure  22-7.—Pressure-volume 

In  the  case  of  Otto  cycle,  this  event  Includes 
the  admission  of  fuel  and  air.  As  indicated 
earlier,  the  intake  event  starts  before  TDC, 
or  at  point  a,  illustration  C.  Note  that  pressure 
is  decreasing  and  after  the  piston  readies  TDC 
and  starts  down,  a  vacuum  is  created  which 
facUites  the  flow  of  the  fUel-air  mixture  into 
the  cylinder.  The  intake  event  continues  a  few 
degrees  past  BDC,  ending  at  point  b.  Since  the 
piston  is  now  on  an  iq^strcke,  compression  takes 
place  and  continues  until  the  piston  reaches  TDC. 
Note  the  increase  in  pressure  (ktoxOand  the  de- 
crease in  volume  (f  to  x).  Slpark  ignition  at  c 
starts  combustion  which  takes  place  very  rapid- 
ly. There  is  some  diange  In  volume  since  the 
phase  starts  before  and  ends  after  TDC. 

There  is  a  i9harp  increase  in  pressure  dur- 
ing the  combustiiDii  pihase.  The  relative  amount 
is  shown  by  the  curve  cdL.\  The  increase  in 
pressure  provides  the  force  hecessary  to  dirive 
the  piston  down  again.  The  gases  continue  to 
e^qpand  as  the  piston  moves  toward  BDC,  and 
the  pressure  decreases  as  the  volume  increases, 
from  d  to  e.  The  exhaust ,  event  ,  starts  a  few 
degrees  before  BDC,  lite, ami tlie pressure drqps 
rapidly  until  the  piston  reaches  BDC.  As  the 
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diagram,  diesel  4-stroke  cycle. 

piston  moves  toward  TDC,  there  is  aslightdrop 
in  pressure  as  the  waste  gases  are  discharged. 
The  exhaust  event  continues  a  few  degrees  past 
TDC  to  point  g  so  that  the  inccmiing  charge 
aids  in  removing  the  remaining  waste  gases. 

The  modified  diesel  combustion  cycle  is  one 
In  which  the  combustion  phase,  induced  by  com- 
pression ignition,  begins  on  a  constant-volume 
basis  and  ends  on  a  constant -pressure  basis. 
In  other  words,  the  modified  cycle  is  a  combi- 
nation of  the  Otto  and  true  diesel  cydesl  the 
modified  cycle  is  used  as  the  basis  for  tl^e 
design  of  practically  all  modern  diesel  epgines. 

An  example  of  a  pressure-vblum^  (fiagram 
for  a  modified  4-strQke  cycle  diesel  engine  is 
shown  in  figure  22-7.  Note  that  the  volume  Ihi^ 
is  divided  into  16  units,  indicathig'  a  16  (o  | 
compression  ratio.  The  hi^r  compression 
ratio  accounts  for  the  increased  teo^perature 
necc(ssary  to  ignite  the  charge.  By  comparing 
this  illustration  with  illustration  C  of  figure 
22-6,  it  will  be  found  that  the  phases  of  the 
diesi^  cycle  are  relatively,  the  same  as  those  of 
the  Otto  cycle,  except  fpr  the  combustion  pliase. 
Fuel  w  .injected  at  point  c  and  combustion  is 
represented  by  line  cd.  While  combustion  in  the 
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Otto  cycle  is  practically  at  constant-volume 
tlirou^out  the  phase,  combustion  in  the  modified 
diesel  cycle  takes  place  with  volume  practically 
constant  for  a  short  time,  during  which  period 
there  is  a  sharp  increase  in  pressure,  until  the 
piston  reaches  a  point  slightly  past  TDC.  Then, 
combustion  continues  at  a  relatively  constant 
pressure,  dropping  slightly  as  combustion  ends 
at  d.  For  these  reasons,  the  combustion  cycle  in 
modern  diesel  engines  is  sometimes  referred  to 
as  the  constant- volume  constant-pressure  cycle. 

Pressure-volume  diagrams  for  gasoline  and 
diesel  engines  operating  on  the  2-stroke  cycle 
would  be  similar  to  those  just  discussed,  except 
that  separate  exhaust  and  intake  curves  would 
not  exist.  They  do  not  exist  because  Intake  and 
exhaust  occur  during  a  relatively  short  hiterval 
of  time  near  BDC  and  do  not  Involve  full  strikes 
of  the  piston  as  In  the  case  of  the  4-stroke  cycle. 
Thus,  a  pressure-volume  diagramfor  a  2-stroke 
modified  diesel  cycle  would  be  similar  to  a  dia- 
gram formed  by  f-b-c-d-e-f  of  figure  22-'7.  The 
exhaust  and  intake  phases  would  take  place  be- 
tween e  and  b  with  some  overlap  of  the  events. 
(See  fig.  22-2.) 

The  preceding  discussion  has  pointed  out 
some  of  the  main  differences  between  engines 
which  operate  on  the  Otto  cycle  and  those  which 
operate  on  the  modified  diesel  cycle.  In  brief, 
these  differences  involve  (1)  the  mixing  of  Aiel 
and  air,  (2)  compression  ratio,  (3)  ignition,  and 
(4)  the  conflnistion  process. 

Actkm  of  Combustion  Gases  on  Pistons 

Engines  are  classified  in  many  ways.  Mention 
has  already  been  made  of  some  classifications 
such  as  those  based  on  (1)  the  fuels  used  (diesel 
fuel  and  gasoline),  (2)  the  ignition  methods  (spark 
and  compression),  (3)  the  combustion  cycles 
(Otto  and  diesel),  and  (4)  the  mechanical  cycles 
(2-stroke  and  4-stroke).  Engines  may  also  be 
classified  on  the  basis  of  cylinder  arrangements 
(V,  in-line,  opposed,  etc.),  the  cooling  media 
(liquid  and  ahr),  and  the  valve  arrangements 
(L-head,  valve-in  head,  etc.).  The  manner  hi 
which  the  pressure  of  combustion  gases  acts 
upon  the  piston  to  move  it  in  the  cylinder  of 
an  engine  is  also  used  as  a  method  of  classi- 
fying engines. 

The  classification  of  engines  accordhtig  to 
combustion-gas  action  Is  based  upon  a  consider- 
ation of  whether  the  pressure  created  by  the 
combustion  gases  acts  iq>on  one  or  two  surfaces 
of  a  single  piston  or  against  single  surfaces  of 


two  separate  and  opposed  pistons.  The  two 
types  of  engines  under  this  classification  are 
commonly  referred  to  as  slnde-actlni|p  and 
opposed-piston  engines. 

SINGLE-ACTING  ENGINES. -Engines  of  this 
type  are  those  which  have  one  pistonper  cylinder 
and  In  which  the  pressure  of  combustion  gases 
acts  only  on  one  surface  of  the  piston.  This  is  a 
feature  of  design  rather  than  principle,  for  the 
basic  principles  of  operation  apply  whether  an  y 
engine  is  single  acting,  opposed  piston,  or  J 
double  acting.  :^ 
The  pistons  in  most  sin^^e-acting  engines  | 
are  of  the  trunk  type  (lengthy  greater  than  I 
diameter).  The  barrel  or  wall  of  a  piston  of  | 
this  type  has  one  end  closed  (crown)  and  one  \ 
end  open  (skirt  end).  Only  the  crown  of  a  trunk  | 
piston  serves  as  part  of  the  conabustion  space  j 
surface.  Therefore,  the  pressure  of  combustion  l 
can  act  only  against  the  crown;  thus,  with  respect  / 
to  the  surfaces  of  a  piston,  pressure  Is  single 
acting.  Most  modern  gasoline  enghies  as  well  as  i 
many  of  the  diesel  engines  used  by  the  Naivy  are  ' 
single  acting.  I 

OPPOSEOoPISTON  ENGINES.-With  respect  j 
to  combustion-gas  action,  the  term  opposed  \ 
Piston  Is  used  to  Identify  those  enghies  which  have  1 
two  pistons  and  one  combustion  space  In  each  cyl-  | 
inder.  The  pistons  are  arranged  in  ''opposed"  :i 
positiQns<-pthat  is,  crown  to  crown,  withthecom-  I 
bustion  space  hi  between.  (See  fig.  22-8.)  When  I 
combustion  takes  place,  the  gases  act  against  the  J 
crowns  of  both  pistons,  driving  them  in  opposite  I 
directions;  Thus,  the  term  ''ppposed"  not  only  I 
signifies  that,  with  respect  to  pressure  and  piston  1 
surfaces,  the  gases  act  hi  ''opposite'' direction,  i 
but  also  classifies  piston  arrangement  within  the  1 
cylinder,  J 

hi  modern  engines  which  have  the  opposed-  M 
piston  arrangement,  two  crankshaft  {upper  and  J 
lower)  are  reqMlred  for  transmission  of  power,  f 
Both  shafts  contribute  to  the  power  output  of  the  f 
enghie.  They  may  be  connected  hi  one  of  two  J 
ways;  chains  as  well  as  gears  have  been  used  1 
for  the  connection  between  shafts.  However,  ! 
in  most  opposed-piston  engines  common  to  Navy  1 
service,  the  crankshafts  are  connected  by  a  f 
vertical  gear  drive.  (See  fig.  22-8.)  I 
The  cylhiders  of  opposed-piston  enghies  have  I 
scavengtog  air  ports  located  near  the  top.  These 
ports  are  opened  and  closed  by  the  upper  piston. 
Eidiaust  ports  located  near  the  bottom  of  the 
cylhider  are  closed  and  ppened  by  the  lower 
piston. 
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Figure  22-8.-Cyllnder  and  related  parts- 
opposed-platon  engine. 

Movement  of  the  opposed  pistons  la  such  that 
the  crowns  are  closest  together  near  the  center 
of  the  cylinder.  When  at  this  position,  the  pistons 
are  not  at  the  true  piston  dead  centers.  This  Is 
because  the  lower  crankshaft  operates  a  few 
degrees  In  advance  of  the  tipper  shaft.  The 
number  of  degrees  that  a  crank  on  the  lower 
shaft  travels  In  advance  of  a  corresponding 
crank  on  the  upper  shaft  Is  called  lower  crank 
lead.  This  Is  Illustrated  In  figure  22-9. 


Qpposed-plston  engines  used  by  the  Navy 
operate  on  the  2-stroke  cycle.  In  engines  of  the 
ppposed-plston  type,  as  In  2-stroke  cycle  single- 
acting  engines,  there  Is  anoverlapof  the  various 
ovonts  occurring  durlngacydeof operation.  In- 
jection and  the  burning  of  the  fUel  start  during  the 
l&tter  part  of  the  convresslon  event  and  extend 
Into  the  power  phase.  There  Is  also  an  overlap  of 
the  exhaust  and  scavenging  periods.  The  events 
In  the  cycle  of  operation  of  an  qpposed-plston, 
Z^atrcke  cycle  diesel  engine  are  shown  In  figure 
22-10. 

Modern  engines  of  the  opposed-piston  design 
hBLve  a  number  of  advantages  over  single-acting 
engines  of  comparable  rating.  Some  of  these 
atlvantages  are:  less  weight  per  horsepower 
developed;  lack  of  cylinder  heads  and  valve 
mechanisms  (and  the  cooling  and  lubricating 
problems  connected  with  them);  and  fewer 
moving  parts. 

Functions  of  Reciprocating 
Engine  Compments 

The  design  of  most  Internal  combustion  en- 
gines of  the  reciprocating  type  follows  much  the 
same  general  pattern.  Though  englr^es  are  not 
all  exactly  alike,  there  are  certain  features  com- 
mon to  all,  and  the  principal  components  of  most 
enghies  are  slmilarlyarranged.  Since  the  gc^ner  * 
al  structure  of  gasoline  engines  is  baclcally  the 
same  as  that  of  diesel  engines,  the  following 
discussion  ot  the  enj^ine  components  applies 
generally  to  both  types  c!  engines.  However,  dif- 
ferences do  exist  and  these  will  be  pointed  out 
whereever  applicable. 

The  principal  compor.ents  of  an  Internal 
combustion  engine  may  be  divided  into  two 
principal  groups— parts  and  systems.  The  main 
parts  of  an  Internal  combustion  engine  may  be 
ftirther  divided  Into  structural  parts  and  moving 
parts.  Structural  parts,  for  the  purpose  of  this 
discussion.  Include  those  which,  with  respect 
to  engine  qperation,  do  not  involve  motion; 
namely,  the  structural  frame  and  Its  components 
and  related  parts.  The  other  group  of  engine 
parts  Includes  those  which  lnv(dve  motion.  Many 
of  the  principal  parts  which  are  mounted  within 
the  main  structure  of  an  engine  are  moving  parts. 
Moving  parts  are  considered  as  those  which  con- 
vert the  power  developed  by  combustion  In  the 
cylinder  to  the  mechanical  energy  that  Is  avail- 
able for  useful  work  at  the  output  shaft. 

The  systems  commonly  associated  with  the 
engine  proper  are  those  necessary  to  make 
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Figure  22-0.— Lower  crank  lead,  qpposed-plston  engine. 
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Figure  22-10.— Events  In  operating  cycle  of  an  opposed-piston  engine. 
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combustion  possible,  end  those  which  minimize 
and  dissipate  heat  created  by  combustion  and 
friction.  Since  combustion  requires  air;  ^^f^^ 
and  heat  (ignition),  systems  providing  each  may 
be  found  on  somei  eiigines^^^^^ 
diesel  engine  generates  its  own  heat  for  com- 
bustion within  the  cylinders,  i^^  ignition 
syrtem  is  required  for  engihes^^^^^^ 
proUi»m  of  heat^  bresitikl  ais  a.res^ 
tion  suid  friction,  iis  taken  dure  of  by  two  separate 
systems«-^c6din^;  ^^^^^ 


on  the  priiuii|^es>a^^  dis- 
cussfki  briefly       the  f 611owing 

jHc^e^  of  ^tjb^ 


tiye  position;  This- Us 

sura  produced^b3r^  6om^^ 

ftlnctioniv:^^^^^■4^^^^ 


a;(  sihg^'^^im 
id^^ies' 
geitte|r^;^t^^^ 
pirts^^ai^ 


of  this  discussion,  the  latter  meaning  will  be 
used.  As  the  load-carrying  part  of  the  engine, 
the  frame  of  the  modem  engine  may  include 
such  parts  as  the  cylinder  Uock,  crankcase, 
be^^ate  or  base,  isump  or  oil  pan,  and  end 
plates. 

The  part  of  the  engine  frame  which  sup- 
ports the  engine's  cylinder  liners  and  head 
or  hidads  is  generally  referred  to  as  the  cvl-"^ 
ihder  block.  The  Mocks  fw^m     large  engines 
are  of  tte  weidc^ 

of  small  hi(^-i^eed  ehg  be  of  the  en 

bloc  coiuitructii^  the 
block  is  cast  In  rae  piece^  T>otyi>es  of  cylinder 
blCMbks  comfa^  shown  In 

figurra  22rll  a^  shown  In 

figure  22-11  Is  represents^  designed 
for  some  j^rge  engih^s  with  cylinder  ar- 

fangenien^^       Upck  illustrated  In  figure  22- 12 
is  representative  of  U       constructed  for 
some :  engines  ivithy-tjnp^ 
< '   The;^ehgbie  frs^  a 
boiislii^  for 

the  crtmkciftse;  In  some  OTigines.  the  crankcase 
is;  1^  piurt  of  tim  cjrlinder  Uock  (see 
lig.  :  i22rli)9  r^  base 


I 


PRINCIPLES  OF  NAVAL  ENGINEERING 


CYLINDEIMfl 
HEAD  STUD 


CYLINDER 
LINER  BORE 


INSPECTION 
DOORWAY 


CAMSHAFT  BEARING 
SUPPORT  AND  CAP 


75.14X 


Figure  22-ll.-*Cyilnder  Uock  with  in-line  cylinder  arrangement. 
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Figure  22-12.--An  examp^^  of  a  V-type 
cyll^er^^ 

to  conopletid  the  howBi^^  In  (^ers  the  crankcaiiBe 
is  a  separatie  b  bdted  to  the  block. 


In  large  engines  of  early  design,  the  sup- 
port for  the  main  bearings  was  provided  by 
a  bedrtate.  The  bedplate  was  bolted  to  the 
crankcase  and  an  oil  pan  was  bolted  to  the 
bedplate  when  a .  separate  oil  pan  was  used. 
Jn  some  large  engines  of  more  modem  design 
the  support  for  main  bearings  Is  provided  by  a 
part  ciOled  the  base.  Figure  22-13  illustrates 
such  a  base,  which  is  used  with  the  Uock  shown 
in  figure  22-11.  This  type  base  serves  as  a 
combination  bedplate  and  oil  plan.  This  base 
requires  the  engine  Upck  to  complete  the  frame 
for  the  main  engine  bearings.  Some  crankcases 
are  designed  so  that  the  crankshaft  and  the  main 
bearings  are  mounted  and  secured  completely 
within  the  crankcase. 

Since  lubrication  is  essential  for  proper 
engine.qperationi  a  reservoir  for  collecting  and 
holding  the  eng^'s lubricating  oil  is  anecessary 
part  of  the  engine  structure.  The  reservoir  may 
be  \ifaUed  a  sump  or  m  oil  pan,  depending  upon 
itS/desig^i^^w^^  attached  directly  to 
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Figure  22-13.— Engine  base. 
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the  engine.  However^  In  some  engines,  the  oU 
reservoir  may  be  located  at  some  point  relatively 
remote  from  the  engine;  £ich  enp^lnes  may  be  re- 
ferred to  as  dry  sump  engines. 

hi  the  engine  base  shown  In  figure  22-13, 
oU  suDQ)  is  an  integral  part  of  the  base  or  crank- 
case,  which  has  functions  other  than  Just  being 
an  oil  reservoir.  Many  of  the  smaller  engines  do 
not  have  a  separate  base  or  craidccase;  instead, 
they  have  an  oil  pan,  >^ch  Is  secured  dlrecUy 
to  the  bottom  of  the  block.  In  most  cases,  an  oil 
pan  serves  only  as  the  lower  port  ion  of  the  crank- 
shaft housing  and  as  the  oil  reservoir. 

Some  engines  have  flat  steel  plates^^^a 
to  each  end  of  the  cylinder  block.  End  plates 
add  rigidity  to  the  Uock  and  pr^  surface 
to  which  my  be  boltied  housin  parts 
as  gears,  Uowera  and  generators. 

:   Many  engli^ 

have  access  ppeninje^TM^        part  of ,  the  engine 
ft*ame.  (See^iigi  22-11;^ 
accMS  torithe  cy^ 

nectlngrrodv  bew  shafts» 


and  various  other  Internal  engine  parts.  Access 
doors  Xspmetimes  called  covers  or  i^^esjfor 
the  openings  are  usually  secured  with  handwheel 
or  nut-operated  clamps  and  are  fitted  with 
gaskets  to  keep  dirt  and  foreign  material  out  of 
the  engine^s  interior. 

The  cylinder  assembly  completes  the  struc- 
tural fti£iwOTk^~an~ingine.  As  (me  of  the  main 
stationary  parts  of  an  engine,  the  cylhider  as- 
sethUy,  aloiig  with  various  related  working 
parts,  serves  to  confine  and  rdease  the.gases. 
For  the  purpose  of  this  dl8cu88i(m,  the  cylinder 
assembly  will  be  considered  as  consisting  of  the 
head,  the  liner,  the  studs,  and  the  gasket.  (See 
fig.22-14.) 

The  design  of  the  parts  of  the  cylinder  as- 
sembly varies  ccmsiderablyfirotn  one  tyi^  of 
engine  to  another.  Regardless  of  differences  in 
design,  however,  t^^  basic  ccmiponents  of  all 
i^llnder  assemblies  Sanction,  vloog  withrelated 
moving  parts,  to  i»royU^^^  a  gas-  and  liqiiid-ti|^ 
'/;6pace.  ; ; 
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Figure  22-14.*Principal  stationary  parts  of  a  cylinder  assembly. 


The  barrel  or  bore  in  which  an  engine 
piston  moves,  back  and  forth  may  be  an  in- 
tegral part  of'  the  cylinder  block  or  it  may  be 
a  separate  sleeve  or  linen  The  first  type, 
conmioh  in  gasoline  engines,  has  the  disad- 
vantage of  not  being  replaceable.  Practically 
all  diesel  engines  are  constructed  with  re- 
placeable cylinder  liners. 


Six  cylinder  liners  of  the  replaceable  type 
are  shown  in  figure  22-15.  These  liners  il- 
lustrate some  of  the  differences  in  the  design 
of  liners  aiid  the  relative  size  of  the  engines 
represented. 

The  liners  .or  bores  of  an  internal  combustion 
engine  must  be  sealed  tig^y  to  form  the  com- 
bustion chambers.  In  most  Navy  engines,  except 
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Figure  22-15.-*Cylinder  liners  of  dlesel  engines. 
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for  engines  of  the  opposcfdi^piston  type,  the 
space  at  the  combustion  end  of  a  cylinder  is 
formed  and  sealed  by  a  cylinder  head  which 
is  a  separate  unit  from  the  block.  (See  fig. 
22-14.) 

A  number  of  engine  parts  which  are  es- 
sential to  engine  operation  may  be  foiind  in  or 
attached  to  the  cylinder  head.  The  cylinder  head 
may  house  intake  and  eaduiust  valves,  valve  guides 
and  valve  seats,  or  only  exhaust  valves  and  re- 
lated parts.  Rocker  arm  assemblies  are  frequen- 
tly attached  to  the  cylinder  head.  The  ftiel  in- 
jection valve  is  almost  universally  in  the  cylinder 
head  or  heads  of  a  diesel  engUie,  whUe  th^ 
spark  plugs  are  always  in  the  cylhider  head  of 
gasoline  engines.  CyliQder  heads  of  a  diesel 
engine  may  also  be  fitted  with  air  starting  valves, 
indicator  and  blow  down  valves,  and  safety 
valves.  /  . 

The  number  of  cylinder  heads  found  on 
engines  varies  considerably.  Small  engines  of 
the  hi-line  cylinder  arriaingement  utilise  one 
head  for  all  cylinders.  A  single  head  serves 
for  all  cylinders  in  each  bank  of  some  V-type 
engines.  Large  diesel  engines  generally  have 
one  cylinder  head  for  each  cylhider.  Some' 
engines  use  (me  head  for  each  pair  of  cylinders. 

,  In  most  cases,  the  seal  between  tbie  cylhider 
head  and  the  Ubck  depends  principally  ^pm 


studs  and  gaskets.  The  studs,  or  stud  bcflts, 
secure  the  cylinder  head  to  the  cylinder  Uock. 
A  gasket  between  the  head  and  the  block  is 
compressed  to  form  a  seal  when  the  head  is 
properly  tightened  down.  In  some  cases,  gaskets 
are  not  used*  between  the  cylhider  head  and 
blodc;  the  mathig  surfaces  of  the  head  ahdUock 
are  accurately  machined  to  form  a  seal  between 
the  two  parts. 

PRINCIPAL  MOVING  PARTS.-Ih  order  that 
the  power  developed  by  combustion  can  be  con- 
verted to  mechanical  energy,  it  is  necessary  for 
reciprocating  motion  to  be  changed  to  rotathig 
motion.  The  movhig  parts  hicluded  in  the  con- 
versim  process,'  firom  combustion  to  energy 
output,  may  be  divided  hito  the  following  three 
major  groups:  (1)  the  parts  which  have  only 
reciprocathig  motion  (pistons),  (2)  the  parts 
which  have  both  /reciprocating  and  rotathig 
motion  (connecting  rods),  and  (3)  the  parts 
which  have  only  rotating  motion  (crankshafts 
andcamsha^). 

The  first  two  major  groups  of  moving  parts 
may  be  ftjtrther  grouped  under  the  single  headhig 
of  plglai  and  rod  assemblieis.  Such  an  assembly 
may  include  a  piston,  piston  rhigs,  piston  phi, 
connecthig  rod,  and  related  bearhigs. 


561 


PRINCIPLES  OF  NAVAL  ENGINEERING 


As  one  of  the  principal  parts  In  the  poiver 
transmitting  as8enibly»  the  piston  must  be  so 
diBslgned  and  must  be  made  of  such  materials 
that  It  can  withstand  the  extreme  heat  and 
pressure  of  combustion.  Pistons  must  also  be 
light  enough  to  keep  Inertia  loads  on  related 
parts  to  a  minimum.  The  piston  aids  In  the 
sealing  of  the  cylinder  to  prevent  the  escape 
of  gas  and  transmits  some  of  the  heat  throuc^ 
the  piston  rings  to  the  cylinder  wall.  Jn  ad- 
dition to  serving  aa  the  unit  which  transmits 
the  force  of  combustion  to  the  connecting  rod 
and  conducts  the  heat  of  combustion  to  the 
cylinder  wall,  a  plstcm  serves  as  a  valve  In 
openhig  and  closing  the  ports  of  a  two-stroke 
cycle  edglne.  The  nomenclature  for  the  parts  of 
a  typical  trunk  type  plstcm  is  given  in  figure 
22-16. 

Piston  rings  are  particularly  vital  to  engine 
operation  In  that  they  must  effectively  perform 
three  functions:  seal  the  cylinder,  distribute  and 
contrcfl  lubricating  oU  on  the  cylinder  wall,  and 


Flgitfe  22-liB.— Piston  nomemdature. 


transfer  heat  from  theplston  to  the  cylinder  wall. 
All  rings  (m  a  piston  perform  the  latter  function, 
but  two  general  types  of  rings— compression  and 
oU— are  required  to  perform  the  first  two  func- 
tions. There  are  numerous  types  of  rings  In  each 
of  these  groups,  contracted  in  different  ways 
for  particular  purposes.  Some  of  the  variations 
In  ring  design  are  illustrated  In  figure  22-17. 

b  trunk-type  piston  assemblies,  the  connec- 
tion between  the  piston  and  the  connecting  rod  is 
usually  the  piston  pin  (sometimes  referred  to  as 
the  wrist  pin)  and  its  bearings.  These  parts 
must  be  of  especially  strong  constraction  be- 
cause the  power  developed  in  the  cylinder  is 
transmitted  from  the  piston  through  the  pin  to 
the  connecting  rod.  The  pin  is  the  pivot  point 
where  the  straifi^t-llne  or  reciprocating  motion 
of  the  piston  changes  to  the  reciprocating  and 
rotating  motion  of  the  connecting  rod.  Thus,  the 
principal  forces  to  which  a  pin  is  subjected  are 
tlie  forces  created  by  combustion  and  the  side 
thrust  created  by  the  change  In  direction  of 
motion.  (See  fig.  22-18.) 

The  connecting  link  between  the  piston  and 
crankshaft  or  the  crankshaft  and  the  crosshead 
of  an  engine  is  the  connecting  rod,  hi  order  that 
the  forces  created  by  combustion  can  be  trans- 
mitted, to  tlict  crankshaft,  the  rod  changes  the 
reciprocating  motion  of  the  piston  to  the  rotating 
motion  of  the  crankshaft. 

Most  marine  engines  In  Navy  serviceusethe 
trunk-type  piston  connected  directly  to  the  con- 
necting rod. 

The  camshaft  is  a  shaft  with  eccentric  pro- 
jection, called  cams,  designed  to  control  the 
operation  of  valves,  usually  through  various 
Intermediate  parts  as  described  later  In  this 
chapter.  Originally  cams  were  made  as  separate 
plecjes  and  &stened  to  the  camshaft.  However, 
in  most  modern  engines  the  cams  are  forged  or 
cast  as  an  integral  part  of  the  camshaft. 

To  reduce  wear  and  to  help  them  withstand 
the  shock  action  to  which  they  are  subjected, 
camshafts  are  made  of  low-carbon  alloy  steel 
with  the  cam  and  Journal  surfaces  carburlzed 
before  the  final  grinding  is  done. 

The  JoBxaa  Bxe  aifranged  on  the  shaft  to. 
provide  the  proper  firing  order  of  the  cylinders 
served.  The  shape  of  the  cam  determines  the 
point  of  opeqjUig  and  closing,  the  speed  of  dpen- 
big  and^^dosUig,  and  the  amount  of  the  valve 
lift.  If  one  cylinder  is  properly  time,  the 
remaining  cylhiders  are  automatically  In  time. 
All  cylhiders  will  be  affectedif  there  iaa  change 
in  timing.  ;v.  v 
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Figure  22-17.-«Types  of  piston  rings. 


The  figais^gft  is  driven  by  the  crankshaft 
by  various  means,  the  most  common  being  by 
gears  or  by  a  chahi  and  sprocket.  The  camshaft 
for  a  4 -stroke  cycle  engine  must  turn  at  one- 
half  of  the  crankshaft  speed;  nAile  in  the  2-stroke 
cycle  engine,  it  turns  at  the  same  ispeed  as  the 
crankshaft^. 

The  location  of  the  crankshaft  in  various 
engines  differs.  Camshaft  location  d(q[>ends  on 
the  arrangement  of  the  valve  mechanism.  The 
location  of  a  camshaft  is  shown  in  figure  22-14. 

One  of  the  princli»l  ei^(hie  parts  which  hals 
only  rotating  motiitm  is  tttb  crarikshaift.  As  one  of 
the  largest  and  niQBt  iiq^^  in 
an  engine,  tiie  crahkshaft  ch^  themovement 
of  the  piirtcm  and  the  connectii;^  the  ro- 

tating motion  r^^ired;  to  drive  such  items  as 
reduction  s^ariBf,,  pr^ller^^^^  generators^ 
pumpS|.;etc.  As  a;  result  of  its  function!  the 
crankshaft  !  is  subjected  to  all  t^^^ 
veloped  in  an:  engine/ ^ 

:  While  (^ai^  larjser  engines 

are  of  the^biiilt-^^  in  separate  ^ 

sections  and  flang^  togetheir),  the :  ciru^ 
of  most  modexiif  engines  iaref'df  the^^'m^ 
type  cpnstruotl(Mi;/^  A  shaft  of  this  tyij^^^to^ 
inl  figursi:  :22-19.Tte  parts 


be  identified  by  various  terms;  however,  those 
shown  in  figure  22-19  are  cbnunon  in  the  tech- 
nical manuals  for  most  of  the  engines  used  by 
the  Navy. 

The  speed  of  rotation  of  the  crankshaft  in- 
creases ea6h  time  the  shaft  receives  a  power 
impulse  from  one  of  the  pistons;  and  it  then 
gradually  decreases  until  another  pojifer  impulse 
is  received.  These  fluctuations  in^speed  (their 
number  depending  upon  the  number  of  cylinders 
firhig  hi  one  crankshaft  revolution)  would  result 
in  an  undesirable  situation  with  respect  to  the 
driven  mechanism  as  well  as  the  engine;there- 
fore,  some-means  must  be  provided  to  stabilize 
shaft  rotation.  In  some  engines  this  is  accom- 
plished by  installing  a  flywheel  onthecrankahaftf 
in  others,  the  motion  of  such  engine  parts  as 
the  cranlqpins,  webs,  lower  ends  of  connecting 
rods,,  and  such  driven  units  as  the  clutch, 
generator,  etc.,  serve  the  purpose.  The  need 
fox:  a  flywheel  decreases  as  the  number  of 
cylhiders  firing  hi  one  revolution  of  the  crank- 
shaft and  the  mass  of  the  moving  parts  attached 
to  the  crankshaft  increases^ 

A  flywhiBe^  stores  iQ>  energy  duringthe  power 
event  and  releases  it  dur  taig  the  remaining  events 
of  the  (qperating  cycle,  b  other  words,  when  the 
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Figure  22-18.«Slde  thrust  of  a  trunk-type 
piston,  single-acting  engine. 

speed  of  the  shaft  t^nds  to  Increase,  theflywbeel 
absorbs  Mcnergy,  and  ^en  the  speed  tends  to 
decrease,  the  flyvbeel  gives  up  energy  to  the 
shaft  in  an  effort  to  keep  shaft  rotation  uniform. 
In  doing  this,  a  flj^vrtieel  (1)  keeps  variations  in 
q>e.ed  within  desired  (2)  limits 

the  increase  or  decrease  In  q>eed  during  sudden 
changes  of  load;  (3)  aids  In  forcing  the  piston 
through  the  compression  event  /when  an  engine!  is 
running  at  low  or  idling  speed;  and  (4)  helps 
bring  :  the  engine  up  to  speed  when  it  is  being 
cranked..  -^'  ''"^ 

AjDi  important g  of  engine  parts  consists 
of  the  bewlngs^iSonie  b^^^  remain  stationary 
in  pexforming^^t^^^  ndiile  others  move. 

One  prtaclpal  groi^^^ 
engine  is  tt^^ 
These  bcMlngs^^^  w^^^^ 

bearings;*  (See  f  ig^  22- 1 3^^  Bf alni  bei^^  ; 

engines  areof.^^ 

conslfltj^ 

iMd.  Tbis  is  alisid  true     the  cta^^ 


and  the  piston-pin  beartaigs.  However,  the  man- 
ner in  which  main  journal  bearings  are  loaded 
depends  upon  the  type  of  engine  in  which  they  are 
used. 

In  a  2- stroke  cycle  engine,  a  load  is  always 
placed  on  the  lower  half  of  the  main  bearings  and 
the  lower  half  of  the  piston  pin  bearings  in  the 
connecting  rod;  meanwfaUethe load  IspUtcedupon 
the  upper  half  of  the  connecting  rod  bearings  at 
ttie  crankshaft  end  of  the  rod.  This  is  true 
because  the  forces  of  combustion  are  greater 
ttuan  the  inertia  forces  created  by  the  moving 
parts. 

In  a  4-strqke  cycle  engine,  the  load  is  applied 
first  on  one  bearta^  shell  and  then  on  the  other. 
The  reverflial  of  pressure  is  the  result  of  the 
large  forces  6f  inertia  imposed  durtaig  the  Intake 
and  exhaust  strokes.  In  other  words,  inertia 
tends  to  lift  the  crankshaft  hi  its  bearings  during 
the  intake  and  exhaust  strokes. 

There  is  a  definite  reversal  of  toad  appli- 
cation oh  the  main  bearings  of  a  double- acting 
engine.  In  tills  case,  the  reversal  is  caused  by 
combustion  taking  place  first  on  one  end  of  the 
piston  and  then  on  the  other. 

The  bearings  used  in  connection  with  piston 
pins  are  of  three  types:  the  taitegral  bearing,  the 
sleeve  bearing  or  bushing,  and  the  needle  type 
roller  bearing.  The  bearings  in  the  bosses  (hubs) 
of  most  pistons  are  of  the  sleeve  bushing  type. 
However,  in  a  few  cases,  the  boss  bearings  are 
an  integral  part  of  the  piston.  In  such  cases,  the 
bearing  surface  is  predston  bored  directly  in 
the  bosses.  Pistons  tlttei  with  stationary  piston 
pins  require  no  bearing  surfaces  in  the  bosses. 

Even  though  the  piston  phis  in  most  engtaies 
are  equipped  with  bushing  type  bearings,  some 
have  been  fitted  with  bearings  of  the  needle^ 
roller  type.  " 

The  ^es  of  bearings  Used  for  matai  bearings 
and  in  connection  with  piston-pin  assemblies  are 
representative  of  those  usM  at  other  points  in  an 
engine  wherie  bearing  surfaces  are  required. 

AU  of  the  parts  yMch  make  a  complete 
engine  tutye  by  no  means  been  covered  in  the 
preceding  section  of  this  chapter.  Since  many 
engine  parts  and  accessories  are  commonly 
associated  with  toe^^^^  of  an  engine. 

fttnctibns  (tf  TOme  of  principal  components 
ibt ;  c^^  with 
the  ajqiflle^ 

sories  whi<ih  the  cs^indejps  engine 

a^  and  T^oye  the  w^ 

g^es  and  the  pern  events 
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Figure  One-piece  six-throw  crankshaft  with  flywheel. 


are  finished^  are  commonly  referred  to  as  the 
intake  and  ft»hftM«t  iiYgtems^  These  systems  are 
closely  related  and,  In  somedtses^arereten 
to  as  the  air  systems  of  an  en^e.  A  cross- 
sectlbnal  view  of  the  air  systems:  of  one  type 
of  hli^-speed  dles^  engine  is  shown  ^ 

The  foUbWing  information  on  air  s^ 
deals  primarily  with  the  systenos  of  dlesel  en- 
gines; nevertheless/  much  ot  the  Information 
dealing  with  the  engine  air  sys- 

tems is  idsb  a^  parts 
In  slmUar  systems  of  gasoline  engines/How- 
ever, the  bitake  event  In  the  cycle  of  operation 
of  a  gasoline  ehglhe  Includes,^ 
air  and  fud  as  a  mixtuire  tb^t^^^^^^^^ 
this ;  reasonr^the  ^  intake  cistern  of  a  gasoline 
mglne^  dlflersi^^ifi^  iBbii^  that  of 

a  dfes^iui^ 
syateBbuBiy-^^^^  ^'s-v^'' 
'7^^it^diic^ 

eii«^  the  terms 

whlc£i  iden^ 


of  the  intake  and  exhaust  systems.  These  terms— 
scavenging  and  suoercharglng— and  the  proc- 
esses they  identify  are  conunon  tp  many  modem 
diesd  engines. 

lii  the  Intake  systems  of  all  modem  2-str(dce 
cycle  engines  and  some  4-8troke  cycle  engines^ 
a  device^  usually  a  blower,  is  Installed  to  In- 
crease the  flow  of  air  Into  the  cylinders.  This 
is  acconipllshed  by  the  blower  compressing  the 
air  and  forcing  it  Into  an  air  box  or  manifold 
(reservoir)  ixAiich  surrounds  or  Is  attached  to 
the  cylinders  of  an  engine.  ThuSi  an  Increased 
amount  of  air  under  constantpressure  is  avail- 
able as  required  during  the  cycle  of  operation. 

The  Increased  amount  of  air  available  as  a 
result  of  blower  action  iiai  used  to  fill  the  cylin- 
der with  a  fresh  charge  of  air  and,  during  the 
processi  aids  v  In  ^clearing  the  cylinder  of  the 
gMes  of  cbnibiiisitiQn;  Thls^p^  is  called 
aAfliifftn|yihp^.  Thya^  the  intake  system  of  some 
englheSi  eqpieclkliy  those  o^  2- 
strldce  cycle,  la  aometlmes  called  the  scaveng- 
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Figure  22-20.»Air  systems  of  a  2-str6ke  cycle  engine. 
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is  called  scavenge  (or  scavenging)  air  and  the 
ports  through  which  it  enters  are  called  scavenge 
ports,  ^   : . 

The  process  of  sci^venging  must  be  accom- 
plished in  a  relatively  short  porticm  of  the  oper- 
ating cyde;  however,  the  duration  of  the  process 


differs  in  2-  and  4-stroke  cycle  engines,  hi  a 
2-stroke  cycle  engine,  the  process  takes  place 
during  the  later  part  of  the  downstroke  (expan- 
sion) and  the  early  part  of  the  upstroke  (com- 
pression). In  a4-stroke  cycle  engine,  scavenging 
takes  place  when  the  piston  is  near  ing  and 
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passing  TDC  during  the  latter  part  of  an  upstroke 
(exhaust  and  the  early  part  of  a  downstroke  (in- 
take). The  intake  and  exhaust  openings  are  both 
open  during  this  interval  of  time.  The  overlap 
of  intake  and  exhaust  permits  the  air  from  the 
blower  to  pass  through  the  cylinder  into  the 
exhaust  manifold,  cleaning  out  the  exhaust  gases 
from  the  cylinder  and,  at  the  same  time,  cool- 
ing the  hot  engine  parts. 

Scavenging  air  must  be  so  directed,  when  it 
enters  the  cylinder  of  an  engine,  that  the  waste 
gases  are  removed  from  the  remote  parts  of 
the  cylinder.  The  two  principal  methods  by 
which  this  is  accomplished  are  sometimes  re- 
ferred to  as  pcwrt  scavenging  and  valve  scaveng- 
ing. Port  scavenging  may  be  of  the  direct  (or 
cross-flow)  loop  (or  return),  or  unlflow  type. 
(See  fig.  22-21'.) 

An  increase  in  air  flow  into  cylinders  of  an 
engine  can  be  used  to  increase  power  output, 
in  addition  to  behig  used  for  scavenging.  Since 
the  power  of  an  engine  is  developed  by  the  burn- 
ing of  fuel,  an  increase  of  power  requires  more 
fuel;  the  increased  fuel,  in  turn,  requires  more 
air,  since  each  pound  of  fuel  requires  a  certain 
amount  of  air  for  combustion.  Supplying  more  air 
to  the  combustion  spaces  that  can  be  supplied 
through  the  action  of  atmospheric  pressure  and 
piston  action  (in  4-str(flce  cjrcle  engines)  or 


scavenging  air  (in  2-stroke  cycle  engines)  is 
called  supercharging. 

In  some  2-stroke  cycle  diesel  engines,  the 
cylinders  are  siqpercharged  during  the  air  in- 
take simply  by  increasing  the  amount  and  pres- 
sure of  scavenge  air.  The  same  blower  is  used 
for  supercharging  and  scavenging.  Whereas 
scavenging  is  accomplished  by  admitting  air 
under  low  pressure  into  the  cylinder  while  the 
exhaust  valves  or  ports  are  open,  siqpercliarging 
is  done  with  the  exhaust  ports  or  valves  dosed. 
This  latter  arrangement  enables  the  blower  to 
force  air  under  pressure  into  the  cylinder  and 
thereby  increase  the  amount  of  air  available 
for  combustion.  The  increase  in  pressure  re- 
sulting from  the  conq[iresslng  action  of  the 
blower  will  depend  iq;>on  the  engine  involved, 
but  it  is  usually  low,  ranging  from  1  to  5  psi. 
With  this  increase  in  pressure,  and  the  amount 
of  air  available  for  combustion,  there  is  a  cor- 
responding increase  in  the  air-fuel  ratio  and  in 
combustion  efficiency  within  the  cylinder.  In 
other  words,  a  given  size  engine  which  is  super- 
charged can  develop  more  power  tlian  the  same 
size  engine  which  is  not  8iQ)er charged. 

Supercharging  a:  4-stroke  cycle  diesel  engine 
requires  the  addition  of  a  blower  to  the  intake 
system  since  the  operations  of  exh^just  and  In- 
tike  tn  an  unsupercharged  engine  are  performed 
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by  the  action  of  the  pistm.  The  timing  of  the 
valves  In  a  supercharged  4-8troke  cycle  engine 
l8  also  different  from  that  In  a  similar  engine 
which  Is  not  supercharged*  In  the  siqpercharged 
engine  the  intake-valve  opening  Is  advanced  and 
the  exhauBt-valve  closing  Is  retarded  so  that 
there  is  considerable  overUqp  of  the  Intake  and 
exhaust  events.  This  overlap  Increases  power, 
the  amount  of  the  Increase  depending  iipon  the 
supercharging  pressure.  The  Increased  over- 
ly) of  the  valve  openings  In  a  supercharged  4- 
strdke  cycle  engine  also  permits  the  air  pres- 
sure createdbytheUowertobeusedln  removing 
gases  from  the  cylinder  during^the  exhaust 
event.  How  the  opening  and  the  closing  of  the 
intake  and  exhaust  valves  or  ports  affect  both 
scavenging  and  siqpercharglng,  and  the  differ- 
ences In  tliese  processes  as  they  occur  In 
supercharged  2-  and  4-strOke  cycle  engines, 
can  be  seen  by  studying  the  diagrams  in  figure 
22-22. 

.  As  in  tlie  case  Of  the  diagrams  used  in  con- 
nection with  the  discussion  of  engine  operatUig 
pr Indices,  the  circular  pattern  In  figure  22-22 
rq[>resents  crankshaft  rotation.  Some  of  the 
events  opcurrlng  in  the  cycles  are  shown  In 
terms  of  degrees  of  shaft  rotation.  However, 
the  numbers  (of  degrees)  shown  on  the  diagrams 
are  for  purploses  of  illustration  and  conqparlson 
only.  When  these  diagrams  are  being  studied, 
It  must  be  kept  In  mind  that  the  crankshaft  of  a 
4-stroke  cycle  engine  makes  two  complete  revo- 
lutions In  one  cycle  of  operation  while  the  shaft 
in  a  2-stroke  cyde;  dckgine  m^ 
lutlon  per  cycle,  ft  should  tdso  be  remembered 
that  the  exhmist  and^^  In  a  2-str6ke 

cycle  engincfrllQ^n^  conq^ete  piston 

strdtes  as  tlie7  dp;  b^^^  cycle  enfflM. 

Ev(ni  thof^^  tiie^^^^I^^        purpose  of  a  diesel 
engine  Intake^lBvgtei^  is  to  mipfilf  the  air;  re- 
quired for  'xombuirtion,^^^^^^^^ 
has  to  perf <xrm  6^^^  or  more  addltlbnal^f^ 
In  moist  casiesi::  the  i  systenl  cleans  i  the  air  and 
reducesthe'n^ 

the  engine;  ,U^<^^  ftihctldns 

of  lntake;>::iBn^j^^ 

silencer; 

0^  headex^;  i^it^  w  pprte^a  Uower^^'u 

air  beater^u^  ^  Mrvc^^er:;  partis 
|ure  not^^^^  C^^ 

intake  syM^mf  1^^^^  silencer;  ia  screeni, 

a  Uomr;  'air  !^ 

a  clean  tb  ; 

the^conibu^  Is  shorn  Ih7fljsures22<i> 
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Figure  22-22.— Scavenging  and  supercharging  In 
diesel  engines. 


Tlie:^^ 

vey;;gajBes  away  firom  tiie  cylinders  of  an  engine 
is  called  the  exhaust  system.  Jn  addition  to  this 
prlMfipal  fOnctlon,  an  dduituit  system  may  be 
deflllgned  to  perform  one  crlmore  ot^tlie  follow- 
ing functlpnst:  muffle  exhaust  noise,  quench 
sparks,  remove  sblld  material  from  esdiaust 
0ues,  imdiftinilsh  energy  to  a  turblne-drlven 
:  siqpw 

be  tised  In  co^ 

tlons  of  an  ehgbe  system  are  shown  In 

^figures  22420 


Figure  22-23.-^Ihtake  and  eadiaust  aystems. 
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OPERATING  MECHANISMS  FOR  SYSTEM 
PARTS  AND  ACCESSORIESs-Tothispoint,  con- 
sideration has  been  giyeii  oidy  to  the  main  en- 
gine parts— stationary  and  moving— and  to  two 
of  the  systems  common  to  internal  combustion 
engines.    At  varioiiB  points  in  this  chapter, 


reference  has  been  made  to  the  operation  of 
some  of  the  engine  parts.  For  enmple,  it  has 
been  pointed  but  that  the  valves  open  and  close 
at  the  proper  time  in  the  operating  cycle  and 
that  the  inq;>ellers  or  lobes  of  a  blower  ro- 
tate to  conqpress  intake  air.  However^  little 
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c<»i8iderati(>n  has  been  given  to  the  source  of 
power  or  to  the  mechanisms  which  cause  these 
parts  to  operate. 

In  many  caseSi  the  mechanism  which  trans- 
mits power  for  the  operation  of  the  engine  valves 
and  blower  may  also  ^transmit  power  to  parts 
and  accessories  which  are  components  of  vari- 
ous engine  systems.  For  example,  such  items 
as  the  governor;^  ftidi  lubricating,  and  water 
pumps;  and  overspeed  trips,  are,  in  some  en- 
gines, operated  by  the  same  mechanism.  Since 
mechanisms  which  transmit  power  to  operate 
specific  parts  and  accessories  may  be  related 
to  more  than  one  engine  custom,  such  operating 
mechanisms  are  considered  here  before  the 
remaining  engine  systems  are  discussed. 

The  parts  which  make  up  the  operating  mech- 
anisms of  an  engine  may  be  divided  hito  two 
groups:  the  group  which  forms  the  drive  mech- 
anisms and  the  groiqp  which  forms  the  actuating 
mechanisms.  The  source  of  power  for  the  oper- 
ating mechanisms  of  an  engine  is  the  crank- 
shaft. 

As  used  in  this  chapter,  the  term  drive 
mechanism  identifies  the  group  of  parts  which 
takes  power  from  the  crankshaft  and  transmits 
that  power  to  various  engine  parts  and  acces- 
sories, hi  engines,  the  drive  mechanisms 
does  not  change  the  type  of  motion,  but  it  may 
change  the  direction  of  motion.  For  example, 
the  impellers  or  lojbes  of  a  blower  are  driven 
or  operated  as  a  result  of  rotary  motion  which 
Is  taken  from  the  crankshaft  and  transmitted  to 
the  impellers  or  lObes  Iqr  the  drive  mechanism, 
an  arrangement  of  gears  and  shafts, 
type  of  motion  (rotary)  remains  the  same;  the 
direction  of  motion  of  one  impeller  or  lobe  is 
opposite  to  that  of  the  other  Inqpeller  or  lObe 
as  a  result  of  the  gear  arrangements  within 
the  drive  mechanism. 

A  drive  mechanism  inay  be  of  the  gear, 
chain  or  bdt  type.  Of  theaie,  t^^  gear  type  is 
the  most  conimon;  however,  scmie  engines  are 
equipped  with  chain  asseniblies.  A  combination 
of  gears  and  chains  id  used  as '  the  v  driving 
mechanism  in  some  engbies^^^ 

Somie  eng^es  have  a  slngfledri^ye  mechanic 
v^ch  trimsmits  en- 
gine parte  and  iuscera^^ 
aiay  be  ^iy^  or  more^  s^^ 
When  1  sopiEir^^^ ;  assem^  the  ^  one : 

which  jlir^^  : 
accessbrt 
ehg^s  have- 
A  soparate^^:^ 


transmit  power  for  the  operation  of  engine  valves 
Is  generally  called  the  camshaft  drive  or  timing 
mechanism. 

The  camshaft  drive,  as  the  name  implies, 
transmits  power  to  the  camshaft  of  the  engine. 
The  shaft,  in  turn,  transmits  the  power  through 
a  combinaticm  of  parts  which  causes  the  engine 
valves  to  operate.  Since  the  valves  of  an  en- 
gine must  open  and  close  at  the  proper  moment 
(with  respect  to  the  position  of  the  pistoii)  and 
remain  In  the  open  and  closed  positions  for 
definite  periods  of  time,  a  fixed  relationship 
must  be  maintained  between  the  rotational  speeds 
of  the  crankshaft  and  the  camshaft.  Camshaft 
drives  are  designed  to  maintain  the  proper 
relationship  between  the  speeds  ofthe  two  shafts, 
hi  maintaining  this  relationship,  the  drive  causes 
the  camshaft  to  rotate  at  crankshaft  speed  in  a 
2-stroke  cycle  engine;  and  at  one-half  crank- 
shaft ^peed  in  a  4-stroke  cyd^  engine. 

The  term  actuating  mechanism,  as  used  In 
this  chapter,  identifies  that  combination  of  parts 
which  receives  power  from  the  drive  mechanism 
and  transmits  the  power  to  the  engine  valves, 
hi  order  for  the  valves  (Intake,  exhaust,  fuel 
injection,  air  starter)  to  operate,  there  must  be 
a  change  In  the  typie  of  motion.  In  other  words, 
the  rotary  motion  of  the  crankshaft  and  drive 
mechanism  must  be  diangedto  a  reciprocating 
motion.  The  group  of  parts  which,  by  changing 
the  type  of  motion,  causes  the  valves  of  an  en- 
gine to  operate  is  generally  referred  to  as  the 
valve  actuating  mechanism.  A  valve-actuating 
mechanism  may  Include  the  cams,  cam  f6i- 
lowers,  push  ro<jb,  rocker  arms,  and  valve 
fliprlngs.  hi  some  engines,  the  camshaft  is  so 
located  that  the  need  for  push  rods  is  eliminated, 
hi  such  cases,  the  cam  follower  Is  a  part  of  the 
rocker  arm.  (Some  actuathig  mechanisms  are 
designed  to  traniBform  reciprocating  motion  into 
VotaJT  motion,  but  in  internal  combustion  en- 
t^es  most  actuathig  mechahte  change  rotary 
motion  hito  reciprocating  motion.) 

There  lis  considerable  variation  In  the  design 
and  ari^ng^ment  of  the  pa^ 
anisms  found  in  different  engines.  The  size  of 
an  engine,  the  cycle  of  operation,  the  cylinder 
arrangement,  and  other  factors  govern  the  de- 
sign and  arrangement  of  the  components  as 
well  as  the  desigh  imd  ar r  mech- 
anisms. ^  Three; 

are  shown  Ui^^f  igu^^  22-25^  and  22-26. 

•    T  for  the 

operation  of  the  and  accessories  of  gaso- 

line 'eiigliiM^^^      basically  the  same  as  those 
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Figure  22-24.— Camshaft  and  accessory  drive. 


found  in  diesel  engines.  Some  manufacturers 
utilize  mechanisms  consistingprimarily  of  chain 
assemblies,  while  others  use  gears  as  the  pri- 
mary means  of  transmitting  power  to  engine 
parts.  Combination  gear-chaindrive  assemblies 
are  used  on  some  gasoline  engines. 

ENGINE  FUEL  SYSTEBfS.-The  method  of 
getting  ftiel  into  the  cylinder  is  one  of  the  major 
differences  between  gascfline  and  diesel  engines. 
As  pointed  out  earlier,  fuel  for  gasoline  engines 


is  mixed  with  air  outside  the  cylinder  and  the 
mixture  is  then  drawn  into  the  cylinder  and  com- 
pressed. On  the  other  hand,  fuel  for  diesel 
engines  is  injected  or  sprayed  into  the  combus- 
tion space  after  the  air  is  already  compressed. 
The  equipment  which  stipplies  fUel  to  the  cylin- 
ders of  a  gasoline  engine  would  necessarily  be 
different  from  that  of  a  diesel  engine. 

There  are  several  types  of  fuel  injection 
systems  in  use.  The  Amotion  of  each  type  is, 
however,  the  same.  The  primary  function  of  a 
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Figure  22-25.— Valve-actuating  meclianism. 
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Figure  2-26.— Camshaft  and  accessory  drive  mechanism. 
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fuel  injection  system  is  to  deliver  fuel  to  the 
cylinders,  under  specified  conditions.  The  con- 
ditions must  be  in  accordance  with  the  power 
requirements  of  the  engine. 

The  first  condition  to  be  met  Is  that  of  the 
injection  equipment.  The  quantity  of  fiiel  in- 
jected determines  the  amount  of  energy  avail- 
able, through  combustioni  to  the  engine.  Smooth 
engine  q[>eration  and  even  distribution  of  the 
load  between  the  cylinders  depend  upon  the 
same  volume  of  fuel  being  admitted  to  a  particu- 
lar cylinder  each  time  it  fires,  and  upon  equal 
volumes  of  fuel  being  delivered  to  all  cylinders 
of  the  engine.  The  measuring  device  of  a  fuel 
injection  system  must  also  be  designed  to  vary 
the  amount  of  fuel  beii^  delivered  as  changes 
in  load  and  speed  vary. 

In  addition  to  measuring  the  amount  of  fuel 
injected,  the  system  must  properly  time  injec- 
tion to  ensure  efficient  combustion,  so  maxi- 
mum energy  can  be  obtained  from  the  fuel. 
Early  injection  tends  to  develop  excessive  cyl-  . 
inder  pressures;  and  extremely  early  injection 
will  cause  knocdcing.  Late  injection  tends  to 
decrease  power  output;  and,  if  extremely  late, 
it  will  cause  incomplete  combustion.  In  many 
engines,  fuel  injection  equipment  is  designed  to 
vary  the  time  of  injection,  as  speed  or  load 
varies. 

A  fuel  sjrstem  must  also  control  the  rate  of 
injection.  The  rate  at  which  fuel  is  injected  de- 
termines the  rate  of  combustion.  The  rate  of 
injection  at  the  start  should  be  low  enou^  that 
excessive  fuel  does  not  accumulate  in  the  cylin- 
der during  the  initial  ignition  delay  (before  com- 
bustion begins).  Injection  should  proceed  at 
such  a  rate  that  the  rise  in  combustion  pressure 
is  not  excessive,  yet  the  rate  of  injection  must 
be  such  that  fuel  is  Introduced  as  rapidly  as  is 
permissible  in  order  to  obtain  complete  com- 
bustion. An  incorrect  rate  of  injection  will 
affect  engine  operation  in  the  same  way  as 
improper  timing.  U  the  rate  of  injection  is  too 
high,  the  results  will  be  similar  to  those  caused 
by  an  excessively  early  Injection;  If  the  rate 
Is  too  low,  the  results  will  be  similar  to  those 
caused  by  an  excessively  late  Injection. 

A  fuel  Injection  system  must  Increase  the 
pressure  of  the  fuel  sufficiently  to  overcome 
compression  pressures  and  to  ensure  proper 
distribution  of  the  fuel  injected  into  the  com- 
bustion space.  Vroper  distribution  is  essential 
If  the  fuel  Is  to  mix  thoroug^y  with  the  air  and 
burn  efficiently.  WhUe  pressure  Is  a  prime 
contributing  factor,  the  distribution  of  the  fUel 


Is  Influenced  In  part,  by  ^^atomlzatlon"  and 
^^penetration"  of  the  fuel.  As  used  In  connec- 
tion with  fuel  Injection,  atomlzatlon  means  the 
breaking  up  of  the  fuel,  as  It  enters  the  cylinder. 
Into  small  particles  which  form  a  mlst-llke 
spray.  Penetration  Is  the  distance  through  which 
the  ftiel  particles  are  carried  by  the  kinetic 
energy  Imparted  to  them  as  they  leave  the  In- 
jector or  nozsBle. 

Atomlzatlon  is  obtained  when  the  liquid  fuel, 
under  high  presswe,  passes  through  the  small 
qpenlng  or  cqpenlngs  In  the  Injector  or  nozzle. 
As  the  fuel  enters  the  combustion  space,  high 
velocity  Is  develcved  because  the  pressure  In 
the  cylinder  Is  lower  than  the  fuel  pressure. 
The  ftlction  created  as  the  fiiel  passes  through 
the  air  at  high  velocity  causes  the  fuel  to  break 
up  Into  small  partldes.  Penetration  of  the  fuel 
partldes  depends  chiefly  upon  the  viscosity  of 
the  fiiel,  the  fuel-lnjectlon  pressure,  and  the 
size  of  the  opening  through  which  the  fuel  enters 
the  cylinder. 

Fuel  must  be  atomized  Into  partldes  suf- 
ficiently small  so  as  to  produce  a  satisfactory 
Ignition  delay  period.  However,  if  the  atomlza- 
tlon process  reducesthe  size  otthe  fuel  particles 
too  much,  they  will  lack  penetration;  the  smaller 
the  partldes  the  less  the  penetration.  Lack  of 
sufficient  penetration  results  In  the  small  par- 
tides  of  fuel  Igniting  before  they  have  been 
properly  distributed.  Since  penetration  and 
atomlzatlon  tend  to  oppose  each  other,  a  com- 
promise In  the  degree  of  each  Is  necessary  In 
the  design  of  ftiel  Injection  equipment  if  uniform 
fuel  distribution  Is  to  be  obtained.  The  pres- 
sure required  for  efficient  Injection,  and.  In 
turn,  proper  distribution.  Is  dependent  upon  the 
compression  pressure  In  the  cylinder,  the  size 
of  the  opening  through  which  the  fuel  enters  the 
combustion  space,  the  shape  of  the  combustion 
space,  and  the  amount  of  turbulence  created  In 
the  combustion  space. 

The  fuel  system  ofa  gasoline  engine  Is  basic- 
ally similar  to  that  of  a  dlesel  engine,  except 
that  a  carburetor  Is  used  Instead  of  Injection 
equipment.  While  Injection  equipment  handles 
fuel  only,  the  carburetor  handles  both  air  and 
fueL  The  carburetor  must  meet  requirements 
similar  to  those  of  an  Injection  system  except 
that  In  the  carburetor  air  Is  also  Involved.  In 
brief,  the  carburetor  must  accurately  meter 
fuel  and  air,  and  In  varying  percentages,  ac- 
cording to  engine  requirements.  The  carburetor 
also  functions  to  vaporize  the  fuel  charge  and 
then  mix  It  with  the  air,  In  the  proper  ratio. 
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The  amount  of  fuel  mixed  with  the  air  must  be 
carefully  regulated,  and  must  change  with  the 
engine's  different  speeds  and  loads.  The  amount 
of  fuel  required  by  an  engine  which  is  warming- 
up  is  different  from  the  amount  required  by  an 
engine  which  has  reached  operating  tempera- 
ture. I^ecial  ftiel  adjustment  is  needed  for  rapid 
acceleration.  All  of  these  varying  requirements 
are  met  automatically  by  the  modem  carburetor. 

Engine  Ignition  Systems.^The  methods  by 
which  the  fuel  mixture  is  ignited  intbe  cylinders 
of  diesel  and  gasoline  engines  differ  as  much  as 
the  methods  of  obtaining  a  combustible  mixture 
in  the  cylinders  of  the  two  engines.  An  ignition 
system,  as  such,  is  not  commonly  associated  with 
diesel  engines.  There  is  no  one  group  of  yMirts  in 
a  diesel  engine  which  functions  only  to  cause  ig- 
nition, as  there  is  in  a  gasoline  engine.  However, 
a  diesel  engine  does  have  an  'Ugnition system"; 
otherwise,  combustion  would  not  take  place  in 
the  e^lUiders. 

lit  a  diesel  engine,  the  parts  which  may  be 
'  considered  as  forming  the  ignition  system  are 
the  piston,  the  cylinder  liner,  and  the  cylinder 
head.  These  parts  are  not  conunonly  thought  of 
as  forming  an  ignition  system  since  they  are 
generally  associated  with  other  functions  such  as 
forming  the  combustion  space  and  transmitting 
power.  Nevertheless,  ignition  in  a  diesel  engine 
depends  upon  the  piston,  the  cylinder,  and  the 
head.  These  parts  not  oi^y  form  the  space  where 
combustion  takes  place  but  also  provide  the 
means  by  which  the  air  is  compressed  to  gen- 
erate the  heat  necessary  for  self-ignition  of  the 
combustible  mixture.  In  other  words,  both  the 
source  (air)  of  ignition  heat  and  its  generation 
(compression)  are  wholly  within  a  diesel  engine. 

This  is  not  true  of  a  gasdline  engine  because 
the  combustion  cycles  of  the  two  types  of  engines 
are  different  In  a  gasdline  engine,  even  though 
the  piston,  the  cylinder,  and  the  heaa  form  the 
combustion  space,  as  in  a  diesel  eng'ne,  the  heat 
necessary  for  ignition  is  caused  by  energy  from 
a  source  external  to  the  combustion  i^pace.  The 
complef:ion  of  the  ignition  process,  invi>lvingthe 
transformation  of  mechanical  energy  Inla  elec- 
trical energy  and  then  into  heat  energy,  requires 
several  parts,  each  performing  a  specific  func- 
tion.  The  parts  which  make  the  transformation 
of  energy  and  the  system  which  they  form  are 
commonly  thought  of  when  reference  is  made  to 
an  ignition  system. 

The  spark  which  causes  the  ignition  of  the 
explosive  mixture  in  the  cylinders  of  a  gasoline 


engine  is  produced  when  electricity  is  forced 
across  a  gap  formed  by  two  electrodes  in  the 
combustion  chamber.  The  electrical  ignition 
system  furnishes  the  spark  periodically  to  each 
cylinder,  at  a  predetermined  position  of  piston 
travel.  In  order  to  accomplish  this  function^  an 
electrical  ignition  system  must  have,  first  of 
all,  either  a  source  of  electrical  energy  or  a 
means  of  developing  electrical  energy.  In  some 
cases,  a  storage  battery  is  used  as  the  source  of 
energy;  in  other  cases,  a  magneto  generates 
electricity  for  the  ignition  system.  The  voltage 
from  either  a  battery  or  a  magneto  is  not  suf- 
ficiently high  enough  to  overcome  the  resistance 
created  by  pressure  in  the  combustion  chamber 
and  to  cause  the  proper  spark  in  the  gap  formed 
by  the  two  electrodes  in  the  combustive  cham- 
ber. Therefore,  it  is  essential  that  an  ignition 
system  include  a  device  which  increases  the 
voltage  of  the  electricity  supplied  to  the  system 
sufficiently  to  cause  a  ''hot''  spark  the  gap 
of  the  spark  plug.  The  device  which  performs 
this  function  is  generally  called  sin  ignition  coil 
or  induction  coil. 

Since  a  spark  must  occur  momentarily  in 
each  cylinder  at  a  specific  time,  an  ignition 
system  must  include  a  device  which  controls  the 
timing  of  the  flow  of  electricity  to  each  cylinder. 
This  control  is  accomplished  Iqr  interrupting  the 
flow  of  electricityfiromthesourcetothe  voltage- 
increasing  device  (ignition  coil).  The  internip- 
tion  of  the  flow  of  electricity  also  {flays  an  im- 
portant part  in  the  process  of  increasing  voltage. 
The  internqrting  device  is  generally  called  the 
breaker  assembly.  A  device  which  will  dis- 
tribute electricity  to  the  different  cylinders  in 
the  proper  firing  order  is  also  necessary.  The 
part  which  performs  this  function  is  called  the 
distributing  mechanism.  Spark  plugs  to  provide 
the  gaps  and  wiring  and  switches  to  connect  the 
parts  of  the  system  are  essential  to  complete  an 
ignition  system. 

All  ignition  systems  are  basically  the  same, 
except  for  the  source  of  electrical  energy.  The 
source  of  energy  is  frequently  used  as  a  basis 
for  classifying  ignition  systems;  thus  the  bat- 
tery-ignition system  and  the  magneto-ignition 
system. 

Engine  Cooling  Systems.— A  great  amount 
of  heat  is  generated  within  an  engine  during 
operation.  Combustion  produces  the  greater 
portion  of  this  heat;  however,  conqpression  of 
gases  within  the  cylinders  and  friction  between 
moving  parts  add  to  the  total  amount  of  heat 
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develqped  within  an  engine.  Since  the  tenqpera- 
ture  ol  combustion  alone  is  about  twice  that  at 
which  iron  melts,  it  is  apparent  that,  without 
some  means  of  dissipating  heat,  an  engine  would 
operate  for  only  a  very  limited  time.  Without 
proper  tenqperature  control,  the  lubricating-oil 
film  between  moving  parts  would  be  destroyed, 
proper  clearance  between  parts  could  not  be 
.  maintahied,  and  metals  would  tend  to  fail. 

Of  the  total  heat  supplied  to  the  cylinder  of 
an  engine  by  the  burning  fuel,  only  one-third, 
approximately,  is  transformed  hito  useful  work; 
an  equal  amount  is  lost  to  the  exhaust  gases. 
This  leaves  approximately  SO  to  35  percent  of 
the  heat  of  combustion  which  must  be  removed 
In  order  to  prevent  damage  to  engine  parts.  The 
greater  portion  of  the  heat  which  may  produce 
harmful  results  is  transferred  from  the  engine 
through  the  medium  of  water;  lubricating  oil,  air, 
and  fuel  are  also  utilized  to  aid  Inthe  cooling  of 
an  engine.  AU  methods  of'  heat  transfer  are  uti- 
lized In  keeping  engine  parts  and  fluids  (air, 
water,  fuel,  and  lubricating  oil)  at  safe  operating 
tenqperatures. 

In  a  marine  engine,  the  cooling  system  may 
be  of  the  open  or  closed  type.  In  the  open  sys- 
tem, the  engine  is  cooled  directly  by  saltwater. 


In  the  closed  system,  fresh  w^ter  (or  an  anti- 
freeze solution)  Is  circulated  through  the  engine. 
The  fresh  water  Is  then  cooled  by  salt  water. 
In  marine  Installations,  the  closed  system  Is 
the  type  conmionly  used;  however,  some  older 
marine  Installations  use  a  system  of  the  open 
type.  The  cooling  systems  of  dlesel  and  gasoline 
engines  are  similar  mechanically  and  In  func- 
tion performed. 

The  cooling  system  of  an  engine  may  Include 
such  parts  as  pumps,  coolers,  engine  passages, 
water  manifolds,  valves,  esqpanslon  tank,  piping, 
strainers,  connections,  and  Instruments.  The 
schematic  diagrams  In  figure  22-27  and  22-28 
show  the  parts  and  the  path  of  water  flow  In  the 
fresh-  and  sea-water  circuits  of  one  arrange- 
ment  of  a  closed  cooling  system. 

Even  though  there  are  many  types  and  models 
of  engines  used  by  the  Navy,  the  cooling  systems 
of  most  of  these  engines  Include  the  same  basic 
parts.  Design  and  location  of  parts,  however, 
may  differ  considerably  from  one  engine  to 
another. 

ENGINE  LUBRICATING  SYSTEMS.-It  is 
essential  to  the  qperation  of  an  engine  that  the 
contacting  surfaces  of  all  moving  parts  of  an 
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Figure  22-27.— Fresh  water  circuit  of  a  closed  coolhig  system. 
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Figure  22-28.  »Salt  water  circuit  of  a  closed  cooling  system. 
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engine  be  kept  free  from  abrasion  and  that  there 
be  a  minimimi  of  firiction  and  wear.  U  sliding 
contact  is  made  by  two  dry  metal  surfaces 
under  presswe^  excessive  friction,  heat,  and 
wear  result.  Friction,  heat,  and  wear  can  be 
greatly  reduced  if  metal-to-metal  contact  is 
prevented  by  keeping  a  clean  film  of  lubricant 
between  the  metal  surfaceis. 

Lubrication  and  the  system  which  supidies 
lubricating  oil  to  engine  parts  that  invcflve  slid- 
ing or  rolling  contact  are  as  important  to  suc- 
cessful engine  operation  as  air,  fuel,  and  heat 
are  to  combusticm.  R  is  important  not  only  that 
the  proi)er  type  of  lubricant  be  used, [but  also 
that  the  lubricant  be  supplied  to  the  engine  parts 
in  the  proper  Quantities,  at  the  prppertiempera- 
ture,  and  that  provisions  be  made  tol  remove 
any  impurities  which  enter  the  system.  The 
engine  lubricating  oil  system  is  designed  to 
fulfill  the  above  requirements. 

The  lubricating  ssrstem  of  an  engine  may  be 
thought  of  as  consisting  of  two  main  divisions, 
that  external  to  the  enf;ine  and  that  within  the 
engine.  The  internal  aivision,  or  engine  part, 
of  the  system  consists  principally  of  passages 
and  piphig;  the  external  part  of  the  system 
includes  several  components  which  aid  in  sup- 
plying the  oil  in  the  proper  quantity,  at  the 


proper  temperature,  and  free  of  impurities.  In 
order  to  meet  these  requirements,  the  lubri- 
cating systems  of  many  engines  include,  external 
to  the  engine,  such  parts  as  tanks  and  sumps, 
pumps,  coolers,  strainers  and  filters,  and  puri- 
fiers. These  parts  and  their  relative  location 
for  one  type  of  engine  are  shown  in  figure  22-29. 

The  engine  system  which  supplies  the  oil 
required  to  perform  the  Amotions  of  lubrication 
is  of  the  pressure  type  in  practically  all  modern 
internal  combustion  engines.  Even  though  many 
variations  exist  in  the  details  of  engine  lubri- 
cating systems,  the  parts  of  such  a  system  and 
its  operation  are  basically  the  same,  whether 
the  system  is  in  a  diesel  or  a  gasdine  engine. 
Any  variance  between  the  systems  of  the  two 
types  of  engines  is  generally  due  to  differences 
in  engine  design  and  in  opinions  of  manufacturers 
as  to  the  best  location  of  the  comjxment  parts  of 
the  system.  In  many  cases,  similar  types  of 
conQKments  are  used  in  the  systems  of  diesel 
and  gasoline  eng^es.  ' 

TRANSMISSION  OF  ENGINE^OWER 

The  fundamental  characteristics  of  an  in- 
ternal combustion  engine  make  it  necessary, 
in  many  cases,  for  the  drive  mechanism  to 
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Figure  22-29,— Sump-type  lubricating  oil  filtering  system. 


change  both  the  speed  and  the  direction  of  shaft 
rotation  in  the  driven  mechanism.  There  are 
various  methods  by  which  required  changes  of 
speed  and  directions  may  be  made  during  the 
transmission  of  power  from  the  driving  unit 
to  the  driven  unit.  In  most  installations  the  job 
is  acconqplished  by  a  drive  mechanism  consist- 
ing principally  of  gears  and  shafts? 

The  process  of  transmitthig  engine  power  to 
a  point  where  it  can  be  used  in  performing 
useful  work  involves  a  number  of  factors.  Two 
of  these  factors  are  torque  and  speed. 

The  force  which  tends  to  cause  a  rotational 
movement  of  an  6bject  is  called  torque  or 
''twist''.  The  crankshaft  of  an  engine  supiflies 
a  twisting  force  to  the  gears  and  shafts  which 
transmit  power  to  the  driven  unit.  Gears  are 


used  to  increase  or  decrease  torque.  Utherig^t 
combination  of  gears  is  installed  between  the 
engine  and  the  driven  unit,  the  torque  or  ''twist'' 
will  be  sufficient  to  operate  the  drivenunit. 

If  maximum  efficiency  is  to  be  obtained,  an 
engine  must  operate  at  a  certain  speed,  border 
to  obtain  efficient  engine  operation,  it  mig^  be 
necessary  ^n  some  Installations  tor  the  engine 
to  operate  at  a  higher  speed  than  that  required 
for  efficient  operation  of  the  driven  imit.  In 
other  cases  the  speed  of  the  engine  may  have 
to  be  lower  than  the  speed  of  the  driven  unit. 
Through  a  combination  of  gears,  the  speed  of 
the  driven  unit  can  be  increased  or  decreased 
so  that  the  proper  speed  ratio  exists  between 
the  units. 
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Types  of  Drive  Mechanisms 

The  term  indirect  drive  describes  a  drive 
mechanism  which  changes  speed  and  torque. 
Drives  of  this  type  are  common  to  many  marine 
engine  installations.  Where  the  speed  and  the 
torque  of  an  engine  need  not  be  changed  in  order 
to  drive  a  machine  satisfactorily,  the  mecha- 
nism used  is  a  direct  drive.  Drives  of  this 
type  are  commonly  used  where  the  engine 
furnishes  power  for  the  operation  of  auxiliaries 
such  as  generators  and  pumps. 

INDIRECT  DRIVES.— The  drive  mechanism 
of  most  engine-powered  ships  and  many  boats 
are  of  the  indirect  type.  With  indirect  drive, 
the  power  developed  by  the  engine(s)  is  trans- 
mitted to  the  propeller(s)  indirectly,  through  an 
intermediate  mechanism  which  reduces  the  shaft 
speed.  Speed  reduction  may  be  accomplished 
mechanically  (by  a  combination  of  gears)  or  by 
electrical  means. 

Mechanical  drives  include  devices  which 
reduce  the  shaft  speed  of  the  driven  imit,  pro- 
vide a  means  for  reversing  the  direction  of  shaft 
rotation  in  the  driven  unit,  and  permit  quick- 
disconnect  of  the  drivhig  iinit  from  the.  driven 
unit. 

The  combination  of  gears  which  effects  the  . 
fipeed  reduction  is  called  a  reduction  gear,  bi 
most  diesel  engine  installations,  the  reduction 
ratio  does  not  exceed  3  to  1;  there  are  some 
units,  however,  which  have  reductions  as  high 
as  6  to  1. 

The  prq[>elling  equipment  of  a  boat  or  a  ship 
must  be  capable  ctf  providing  backing-down  power 
as  well  as  forward  motive  power.  There  are  a 
few  ships  and  boats  in  which  backing  down  is  ac- 
complished by  reversing  the  pitch  of  the  pro- 
peller; in  most  ships,  however,  backing  down  is 
acconqplished  by  reversing  the  direction  of  rota- 
tion of  the  propellet  shaft.  In  mechanical  drives, 
reversing  the  direction  of  rotation  of  the  pro- 
peller shaft  may  be  accomplished  in  one  of  two 
ways:  by  reversing  the  direction  of  engine  rota- 
tion, or  by  the  use  of  reverse  gears.  Of  these 
two  methods,  the  use  of  reverse  gears  is  more 
conmionly  emi^oyed  in  modern  installations. 

More  than  reducing  speed  and  reversing  the 
direction  of  shaft  rotation  is  required  of  the 
drive  mechanism  of  a  ship  or  a  boat.  It  is 
frequently  necessary  to  allow  an  engine  to  oper- 
ate without  power  being  transmitted  to  the 
propeller*  For  this  reason,  the  drive  mecha- 
nism of  a  ship  or  boat  must  Include  a  means  of 
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disconnecting  the  engine  from  the  propeller 
shaft.  Devices  used  for  this  purpose  are  called 
clutches  and  couplings. 

The  arrangement  of  the  components  In  an 
Indirect  drive  varies,  depending  upon  the  type 
and  size  of  the  Installation.  In  some  small  In- 
stallations, the  clutch  or  coupling,  the  reverse 
gear,  and  the  reduction  gear  may  be  combined 
In  a  slnc^e  unit;  in  other  Installations,  the  clutch 
or  coupling  and  the  reverse  gear  may  be  In  one 
housing  and  the  reduction  gear  in  a  separate 
housing  attached  to  the  reverse-gear  housing. 
Drive  mechanisms  arranged  in  either  manner 
are  usually  called  transmissions.  The  arrange- 
ment of  the  components. In  two  different  typen  of 
transmissions  are  shown  In  figures  22-30  and 
22-31. 

In  the  transmission  shown  In  figure  22-30 
the  housing  is  divided  Into  two  sections  by  the 
bearing  carrier.  The  clutch  or  coupling  assem- 
Uy  Is  In  the  forward  sectlou,  and  the  gear  as- 
sembly Is  hi  the  after  section  of  the  housing. 
In  the  transmission  shown  In  figure  22-31,  note 
that  the  clutch  assembly  and  the  reverse  gear 
assembly  are  In  one  housing,  while  the  reduction 
gear  tmlt  Is  In  a  separate  housing  (attached  to 
the  clutch  and  the  reverse  gear  housing). 

hi  large  engine  Installations,  the  clutch  or. 
coupling  and  the  reverse  gear  may  be  combined; 
or  they  may  be  separate  imlts,  located  between 
the  engine  and  a  separate  reduction  gear;  or 
the  clutch  or  coupling  may  be  separate  and  the 
reverse  gear  and  the  reduction  gear  maybe  com- 
Uned.  An  assembly  of  the  last  type  Is  shown  In 
figure  22-32. 

hi  most  geared-drlve,  multlple-prcq[>eller 
ships,  the  propulsion  units  are  Independent  of 
each  other.  An  example  of  this  type  of  arrange- 
ment Is  illustrated  hi  figure  22-33. 

hi  some  Installations,  the  drive  mechanism 
Is  arranged  so  that  two  or  more  engines  drive 
a  single  propeller.  This  Is  accomplished  by 
having  the  drlvhig  gear  which  Is  on,  or  con- 
nected to,  the  crankshaft  of  each  engine  trans- 
mit power  to  the  driven  gear  on  the  propeller 
shaft.  In  one  type  of  Installation,  each  of  two 
pr(q[>ellefs  !s  driven  by  four  diesel  engines. 
The  arrangement  of  the  enghies,  the  location  of 
the  reduction  gear,  and  the  direction  of  rotation 
of  the  crankshaft  and  the  propeller  shaft  In  one 
type  of  ''quad''  power  unit  are  illustrated  In 
figure  22-34. 

The  drive  mechanism  Illustrated  Includes 
four  clutch  assemblies  (one  mounted  to  each 
engine  flywheel)  and  one  gear  box.  The  box 
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Figure  22-30.— Transmission  with  independent  oil  system. 
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Figure  22-31.— Clutch  and  reverse  gear  assembly  with  attached  reduction  gear  unit. 
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Figure  22-32.— Clutch  and  reverse  reduction 
gear  assembly. 

contains  two  drive  pinions  and  the  main  drive 
gear.  Each  pinion  is  ^iven  by  the  clutch  or 
coupling  shafts  of  two  engines,  through  splines 
in  the  pinion  hubs.  The  pinions  drive  the  single 
main  gear,  which  Is  connected  to  the  propeller 
shaft. 

Electric  drives  are  used  In  the  propulsion 
plants  of  some  dlesel-drlven  ships.  With  elec- 
tric drive,  there  is  no  mechanical  connection 
between  the  englne(s)  and  the  prppeller(s).  In 
such  plants,  the  dlesel  engines  are  connected 
directly  to  generators.  The  electricity  produced 
by  such  an  engine -driven  generator  is  trans- 
mitted, through  caUes,  to  a  motor.  The  motor 
Is  connected  to  the  propeller  shaft  directly,  or 
indirectly  through  a  reduction  gear.  When  a 
reduction  gear  is  Included  In  a  dlesel-electrlc 
drive,  the  gear  is  located  between  the  motor 
and  the  prapeUer. 

The  generator  and  the  motor  of  a  dlesel— 
electric  drive  may  be  of  the  alternating  current 
(a-c)  type  or  of  the  direct  current  (d-c)  type; 
almost  all  dlesel-electrlc  drives  In  the  Navy, 
however,  are  of  the  direct  current  type.  Since 
the  speed  of  a  d-c  motor  varies  directly  with 
the  vcfltage  furnished  by  the  generator,  the  con- 
trol system  of  an  electric  drive  Is  so  arranged 
that  the  generator  voltage  can  be  cbang^  at 


any  time.  An  Increase  or  decrease  In  genera- 
tor voltage  Is  used  as  a  means  of  controlling^ 
the  speed  of  the  prqpeller.  Changes  In  genera- 
tor voltage  may  be  brought  about  by  electrical 
means,  by  changes  In  engine  speed,  and  by  a 
combination  of  these  methods.  The  controls  of 
an  electric  drive  may  be  In  a  location  remote 
firom  the  engine,  such  as  the  pilot  house. 

In  an  electric  drive,  reversing  the  direction 
of  rotation  of  the  propeller  Is  not  accomplished 
by  the  use  of  a  reverse  gear.  The  electrical 
system  Is  arranged  so  that  the  flow  of  current 
through  the  motor  can  be^  reversed.  This  re- 
versal of  Current  flow  causes  the  motor  to 
rev<dve  In  the  qnK>slte  direction.  Thus,  the 
dlrectlm  of  rotation  cf  the  motor  and  of  the 
propeller  can  be  controlled  by  manipulating  the 
electrical  controls. 

DIRECT  DRIVES.— In  some  marine  engine 
Installations,  power  from  the  engine  Is  trans- 
mitted to  the  driven  unit  without  a  charge  In 
shaft  speed;  that  Is,  by  a  direct  drive.  In  a 
direct  drive,  the  connection  between  the  engine 
and  the  driven  unit  may  consist  of  a  ^'scdid'' 
.  coupling,  a  flexible  coupling,  or  a  combination 
of  both.  A  clutch  may  or  may  not  be  included 
In  a  direct  drive,  depending  upon  the  type  of 
Installation.  In  some  installations,  a  reverse 
gear  is  indtidetl. 

Solid  conqpllngs'vary  considerably  In  design. 
Some  solid  couplings  consist  of  two  flanges 
bolted  solidly  together.  In  other  direct  drives, 
the  driven  unit  Is  attached  directly  to  the  en- 
gine crankshaft  by  a  nut. 

Solid  coitpllngs  offer  a  positive  means  of 
transmitting  torque  from  the  crankshaft  of  an 
engine;  however,  a  scdld  connection  does  not 
allow  for  any  misalignment  nor  does  It  absorb 
any  of  the  torsional  vibrations  transmitted £rom 
the  engine  crankshaft  or  shaft  vibrations. 

Since  solid  coupling  will  not  absorb  vibra- 
tion and  will  not  permit  any  misalignment,  most 
direct  drives  consist  of  a  flange-type  coiqpllng 
which  Is  used  In  connection  with  a  flexible 
coupling.  Connections  of  the  flexible  type  are 
conunon  to  the  drives  of  many  auxiliaries,  such 
as  engine-generator  sets.  Flexible  couplings 
are  also  used  In  indirect  drives  to  connect  the 
engine  to  the  drive  mechanism. 

The  two  scdld  halves  of  a  flexible  coupling 
are  joined  by  a  flexible  element.  The  flexible 
element  is  nuide  of  rubber,  ne(q[>rene,  or  steel 
springs.  Two  views  of  one  type  of  flexible 
coiqdlng  are  shown  In  figure  22-35. 
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Figure  22.33.-Exainple  of  Independent  propulsion  units. 
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jSs  we  iXd  together  with  a  spacer  Mock  at 

**'ihf  the  coupling  Shown  to  figure 

22  J?  a?e^brlcated      oU  flowing  from  the 


bearing  bore  of  the  crankshaft  ger^ 
pilot  bearing.  | 

CLUTCHES,  REVERSE  GEARS,  AND  | 
REDUCTION  GEARS 

Dutches  may  be  used  on  d«rect-Jr^«^.  I 
p-^slon  Navy  engines  to  vr^^^  "f^uer 
disconnecting  the  engine  SSoiy 
shaft,  in  small  engines.  !JSfor 
Slned  with  reverse 

'°^'^^'''^r^^Tlie^i  trim\^  special 
Sl„to??5?"^Sra":terlstlca,andtopre.  : 

vent  torslonalvlteatum.  ^ 

to?e7er?e%Srd^eKVotatl^  1 
iffrJESt  when  maneuvering  the  ship,  without 

caiclty.  For  maneuvering  ships  witn  lars*  , 
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Figure  22-34.^Four  engines  (quad  unit)  arranged  to  drive  one  propeller. 


dtrect-prqpulBion  engines,  the  engines  are  re- 
versed. 

Reduction  gears  are  used  to  obtain  low 
propeller-shaft  speed  with  a  hic^  engine  speed. 
When  acconqflishtng  this,  the  gears  correlate 
two  conflicting  recrnlrements  of  a  marine  engine 
installation*  Them^  0|:^csing  requirements  are: 
(1)  for  mininram  wet^  and  size  for  a  given 
power  output,  engines  must  have  a  relatively 
high  rotative  speed;  and  (2)  for  maximum  ef- 
ficiency, prop^ers  must  rotate  at  a  relatively 
low  speed,  iNurticularly  vAere  high  thrust  capa- 
city is  desired. 

Friction  Clutches  and  Gear  Assemblies 

Friction  clutches  are  commonly  used  with 
smaller,  hig^-speed  engines,  tqp  to  500  bp. 
However,  certain  friction  Clutches,  in  com- 
bbMtion  with  a  Jaw-type  dutch,  are  used  with 
engines  19  to  1400 19;  and  pneumatic  dutches, 
with  a  cylindrical  fHction  surface,  with  engines 
19  to  2000  hp. 

Friction  clutches  are  of  two  general  styles; 
the  disk  and  the  tand  styles.  In  addition,  fric- 
tion dutches  can  be  classified  into  dry  and  wet 


types,  depending  upon  whether  the  friction  sur- 
faces operate  with  or  without  a  lubricant.  The 
designs  of  both  types  are  similar,  except  that 
the  wet  dutches  require  a  large  friction  area 
because  of  the  reduced  friction  coefficient  be- 
tween the  lubricated  surfaces.  The  advantages 
of  wet  dutches  are  smoother  operation  endless 
wear  of  the  friction  surfaces.  Wear  results 
from  slippage  between  the  surfaces  not  only 
during  engagement  and  disengagement,  but  also, 
to  a  certain  extent,  during  the  operation  of  tlie 
mechanism.  Some  wet-type  dutches  are  filled 
with  oQ  periodically;  in  other  dutches  the  oil, 
being  a  part  of  the  engine-lubricating  system, 
is  circulated  continuously.  Such  afriction  dutch 
bicorporates  provisions  which  will  prevent 
wom-off  partides  from  being  carried  by  the 
circulating  lutaricathig  oU  to  the  bearings,  gears, 
etc, 

Tlie  frictioniiurfaces  are  generally  construc- 
ted of  different  materials,  one  being  of  cast  iron 
or  sted;  the  other  is  lined  with  some  asbestos- 
base  conqposition,  or  sintered  ircm  or  bronze 
for  dry  dutches,  and  bronse,  cast  iron,  or  sted 
for  wet  dutches.  Cast-iron  surftees  are  pre- 
ferred because  of  their  better  bearhig  qudities 
and  greater  resistance  to  scoring  or  scuffhig. 
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Figure  22-35.— Flexible  coupliiig. 


Sintered  blocks  are  made  offindy  powdered  iron 
or  bronze  particles,  molded  in  forms  to  the  de- 
sired Bbapef  under  tdffii  temperature  and  pres- 
sure. 

As  far  as  engagement  of  the  friction  clutches 
is  concerned,  the  qndlcatlon  of  force-producing 
friction  can  be  Obtained  either  bjr  meclianlcally 
lamming  the  ftlctlon  surfoces  together  some 
tog^e-actlon  linkage,  or  through  stiff  springs 
(coil,  leaf,  or  flat-disk  type).  Air  pressure  is 
also  used  to  engage  friction  clutches. 

TWIN-DISK  CLUTCH  AND  GEAR  MECHA- 
NISM.—One  of  the  several  types  of  transmis- 
sions used  t»y  the  Navy  is  the  twin  disk  trans- 
mission mechanism,  shown  in  figure  22-30.  Gray 
Marine  higli-speed  diesel  engines  are  generally 
equipped  with  a  combination  clutch,  andreverse^ 
and  redaction  gear  unit— all  contained  la  a  single' 
iKMisIng,  at  the  after  end  of  the  engine.  A  sec- 
tional view  of  this  mechanism  is  sliown  hi  figure 
22-30. 

The  clutch  assembly  of  the  twin  disk  trans- 
mission meclianism  is  contataied  hi  the  part  of 


the  housing  nearest  tlie  engine,  ft  is  a  dry-type, 
twin-disk  dutdi  with  two  driving  disks.  Each 
disk  is  connected,  throu^  sliaftlng,  to  a  sepa- 
rate reduction  gear  train  in  the  after  partot  tlie 
housing.  One  didk  and  reduction  train  is  for 
reverse  rotation  of  tlie  sliaft  and  propeller,  tlie 
other  disk  and  reduction  train  for  forward  ro- 
tation. The  forward  and  reverse  gear  trains 
for  Gray  Blarine  engines  are  illustrated  in 
figure  22-36.  In  figures  22-30  and  22-36,  it  will 
be  observed  that  tlie  gear  trains  are  different  in 
the  two  illustrations;  however,  the  operation  of 
the  mectianisms  shown  is  basically  the  same. 

Since  the  gears  for  forward  and  reverse 
rotation  of  the  twin-disk  clutch  and  gear  mech- 
anism remain  in  mesh  at  all  times,  tliere  is  no 
shifthdg  of  gears.  In  shifting  tlie  mechanism, 
only  the  floating  iflate,  located  between  the  for- 
ward and  reverse  disks  is  sliifted.  The  shifting 
medmnism  is  a  sliding  sleeve,  vAlch  does  not 
rotate,  but  has  a  loose  sliding  fit  around  the 
hollow  forward  shaft.  A  throwout  fork  (yoke) 
engages  a  pair  of  shifter  blocks  pinned  on  either 
side  of  the  dIdUig  deeve. 
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Figure  22-36.— Forward  and  reverse  ([ear  trains 
for  Gray  Marine  engines. 


The  clutch  operating  lever  moves  the  throw- 
out  fork,  which  in  turn  shifts  the  sliding  sleeve 
lengtliwise  along  the  forward  shaft.  When  the 
operating  lever  is  placed  forward,  the  sliding 
deeve  is  forced  backward,  bthis  position  the 
Ihdcages  of  the  spring-loaded  mechanism  pidl 
the  floathig  pressure  iflate  against  the  forward 
didc,  and  cause  forward  rotation.  When  the  op- 
erating lever  is  pulled  back  as  fkr  as  it  can  go, 
the  sliding  sleeve  is  poshed  forward,  hi  this 
position,  the  floating  pressure  plate  engages  the 
reverse  disk  and  back  plate  for  reverse  rota- 
tion. 

The  clutch  has  a  positive  neutral  which  is 
set  by  idacing  tlie  operating  lever  in  a  middle 
position.  Then  the  sliding  sleeve  is  also  in  a 
middle  position,  and  the  floating  plate  rotates 
freely  between  the  two  dutch  didks.  (The  only 
control  that  the  operator  has  is  to  cause  the 
floatbig  iflate  to  bete  hearUy  against  either  the 
forward  disk  or  the  reverse  disk,  or  to  pot  the 
floating  plate  in  the  positive  neutral  position 


so  that  it  rotates  freely  between  the  two 
disks.) 

The  reversing  gear  unit  is  lubricated  sepa- 
rately from  the  engine  by  its  own  splash  system. 
The  oil  level  of  the  gear  housing  should  never 
be  kept  over  the  high  mark  because  too  much 
oil  will  cause  overheating  of  the  gear  unit.  The 
oil  Is  cooled  by  air  which  is  blown  through  the 
baffled  tcqp  cover  by  the  rotating  dutdu  Grease 
fittings  are  installed  for  bearings  not  lubricated 
by  the  oil. 

JOE'S  DOUBLE  CLUTCH  REVERSE  GEAR.- 
A  gear  mechanism  found  on  many  power  boats 
is  Joe's  double  clutch  reverse  gear.  The  in- 
stallation of  a  typical  Joe's  reverse  gear  and 
clutch  assembly  for  the  Navy  type  DC  engine 
is  shown  in  figure  22-37.  The  drive  from  the 
engine  crankstiaft  is  taken  into  the  dutch  and 
reverse  gear  housing  by  an  extension  of  the 
craidcshaft  drive  gear.  The  crankstiaft  rotation 
is  transmitted  tothe  reduction  gear  shafttlurough 
the  clutch  and  the  reverse  gear  unit. 

H  one  could  open  the  clutch  and  reverse  gear 
housing  and  watch  the  reverse  gear  drum  and 
the  reduction  gear  shaft  while  the  enghie  is  run- 
ning, the  fcfllowing  operation  would  bebbserved: 

When  the  operating  lever  is  thrown  forward, 
the  drum  and  reducti(m  gear  stiaft  rotate  in  the 
same  direction  as  the  engine  crankshaft.  This 
causes  forward  rotation  of  the  propeller. 

In  the  Intermediate  position  of  the  operating 
lever,  the  drum  rotates  but  the  reduction  gear 
sliaft  remains  stationary.  This  is  the  neutral 
setting. 

Forward  rotation  is  obtained  liy  dual  clutch 
action  vMLe  reverse  rotation  is  oibtainedtlurough 
the  operation  of  the  planetary  gears.  The  unit 
consists  of  a  housing  encloshig  a  split  conical 
clutch  and  a  nnilti-plate  friction  dutch  and 
gearing.  Additional  conqponents  include  the  ccd- 
lar  and  yoke  and  an  outer  brake  band  with  an 
operating  toggle  medianisnu  Movement  of  the 
slidtttg  ccfllar  selects  the  direction  of  rotation, 

VihBn  the  operatbig  lever  is  placed  in  the 
forward  position,  the  linkage  lietween  the  lever 
and  the  ccdlar  and  yoke  assembly  dides  the 
collar  lengthwise  to  the  left  along  the  reduction 
gear  shaft.  This  motion  operates  the  toggle 
assembly  wliich,  in  turn,  drives  the  tliree 
iflongers  to  the  ri^pressingthemhardagainst 
the  disk  clutch. 

When  the  iflungers  are  driven  hard  against 
the  disk  dutch,  the  diiks  are  locked  together 
by  friction.  This  locks  the  drum  bousing  to  the 
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Figure  22-37.— Cutaway  view  of  Joe's  dutch  and  reverse  gear. 


propeller  drive  sleeve,  b  addition,  tte  force  of 
the  plungers  on  the  dUk  dutch  Is  transmitted 
to  the  bearing  cage,  which  is  a  cylinder  con- 
taining the  reverse  gear  pinions.  The  bearing 
cage,  in  turn,  is  pressed  against  the  cone  dutch. 
Thus,  the  cone  clutch  is  forced  against  Its  seat 
in  the  front  cover  of  the  gear  box,  danqplng  the 
dutch  to  the  l^oot  cover  by  friction.  Since  the 
cone  clutch  is  In  mesh  on  its  inner  surface  with 
the  engine  sleeve,  irtilch  is  in  turn  keyed  to  the 
engine  shaft,  the  front  cover  is  now  locked  to 
the  engine  shaft.  The  front  cover  must  rotate 
with  Uie  eni^  tfiaft,  In  the  same  direction. 

Now,  since  the  firont  cover  is  bolted  to  the 
drum  bousing,  which  Is  locked  to  the  propeller 
drive  sleeve  bj  the  disk  dutch,  there  Is  a  com- 
plete lock  from  the  engine  shaft  to  the  reduc- 
tion gear  shaft.  The  entire  assembly  .rotates 
as  a  unit  in  the  same  direction  as  the  engine 
shaft;  this  motion  gives  the  prcpdler  a  forward 
rotation. 

When  the  operating  lever  is  ttrown  bAo  the 
reverse  position,  the  plungers  are  wttbdrawn, 
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and  both  clutches  are  disengaged.  At  the 
same  time  the  brake  band  is  tlg^ened  around 
the  drum,  holding  the  drum  stationary.  The 
bearing  cage  Is  lodced  to  the  drum.  The  r  one 
dutch  rotates  freely  out  of  contact  with  the  front 
cover.  Then  the  motion  from  the  engine  shaft  to 
the  reduction  gear  shaft  Is  transmitted  through 
the  tamer  gear  assembly. 

The  reverse  gear  pinions  are  hdd  in  tbe 
bearing  cage,  which  is  stationary  for  reverse 
rotation.  There  are  three  short  ptailons,  each 
in  mesh  with  the  small  Inner  gear  of  the  engine 
sleeve.  The  three  short  pinions  mesh  with  the 
three  long  pinions,  each  of  which  also  meshes 
with  the  propeller  drive  Sleeve  gear.  Engine 
rotation  Is  transmitted  from  the  engine  sleeve 
to  the  short  pinions,  to  the  long  pinions,  and  to 
the  propeller  drive  sleeve.  These  pinions  (gear 
train)  cause  tbe  reduction  gear  shaft  to  rotate 
opposite  to  the  engtaie  rotation  (see  arrows  In 
fig.  22-37),  and  give  the  propeller  a  reverse 
rotation. 
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Note  that  in  figure  22-38,  which  shows  the 
mechaniem  more  clearly,  the  gears  are  set  for 
reverse  rotation,  and  the  brake  band  isdanqied 
to  the  drum.  The  parts  which  are  shaded  are  h^d 
stationary  by  the  brake  band,  and  the  remaining 
internal  parts,  which  are  not  shaded,  rotate.  (The 
rotation  of  the  engine  shaft  and  engine  sleeve  is 
transmitted  directly  to  the  cone  clutch  and  the 
short  pinions.  The  cone  clutch  rotates  fredy  out 
of  contact  with  the  stationary  front  cover.  The 
short  pinions  drive  the  long  pinions,  which  drive 
the  propeller  drive  sleeve.  The  latter  unit  is 
keyed  to  and  drives  the  reduction  gear  shaft, 
which  rotates  opposite  to  the  engine  shaft.) 

The  reduction  gear  unit  is  bcflted  to  the 
reverse  gear  housing,  as  shown  in  figure  22- 
31.  ft  consists  merdy  of  an  external  gear, 
mounted  on  the  reduction  gear  shaft,  and  bi  mesh 
with  a  larger  internal  gear,  mounted  on  the  pro- 
peller shaft.  Power  is  transferred,  at  a  reduced 
speed,  from  the  smaller  drive  gear  to  the  larger 
internal  gear. 

Lubrication  of  the  clutch  and  reverse  gear 
mechanism  is  accomidished  hy  means  of  a 
drilled  passage  in  the  crankshaft  irtiichsqpidies 
oil,  as  a  spray,  to  the  gears  and  other  moving 
parts.  This  oil  returns  to  the  sngine  sunq>  1^ 
gravity* 

Lubrication  of  the  reduction '  gear  unit  is 
aceonoflisbed  by  an  external  line  from  ths 
engine's  main  oil  gallery.  OU  is  qnrayed  over 
the  gears  and  moving  parts  to  lubricate  and 
cod  them.  Excess  oU  either  drains  back  to  the 
engine  sump  by  gravity,  or,  where  the  unit  is 


below  the  engine,  returns  to  the  sump  by  means 
of  a  scavenging  punq). 

Airflex  Clutch  and  Gear  AssemUy.—On  the 
larger  diesel-propelled  ships,  the  dutch,  re- 
verse and  redudion  gear  unit  has  to  transmit  an 
enormous  amount  of  power.  To  maintain  the 
weight  and  size  d  tlie  mechanism  as  low  as 
possible,  flfpecial  dutches  have  been  designed 
for  large  diesel  installations.  One  d  these  is 
the  airflex  clutch  and  gear  assembly  used  with 
some  General  Mdors  engines  on  LST's. 

A  typical  airflex  dutch  and  gear  assembly, 
for  ahead  and  astern  rotation,  is  shown  inflgure 
22-32.  There  are  two  dutches,  one  for  forward 
rotation  and  one  for  reverse  rotation.  The 
dutches  are  bdted  to  the  engine  flywheel  by 
means  ot  a  steel  spacer,  so  that  they  both  rotate 
with  the  engine  at  all  times,  and  at  engine  speed. 
Each  dutch  has  a  flexible  tire  (or  ^and)  on  the 
hmer  side  of  a  sted  shdl.  Before  the  tires  are 
inflated,  they  will  rotate  out  ot  contad  with  the 
drums,  which  are  keyed  to  the  forward  and 
reverse  drive  shafts.  When  air  under  pressure 
(100  psi)  is  sent  hito  one  of  the  tires,  the  Inside 
diameter  of  the  dutch  decreases.  This  causes 
the  fridion  blocks  on  the  inner  tire  surface  to 
come  bi  contact  with  the  dutch  drum,  loddng 
the  drive  shaft  with  the  enghie. 

The  parts  of  the  airflex  dutch  vrtildi  give 
the  propeller  ahead  rotation  are  Illustrated  in 
the  ivper  view  ct  figure  22-32.  The  dutch  tire 
nearest  the  engine  forward  dutch)  is  Inflated 
to  contad  and  drive  the  forward  drum  with  the 
engine.  The  forwarddrum  is  keyed  to  the  forward 
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drive  shaft,  which  carries  the  double  helical 
forward  pinion  at  the  after  end  of  the  gear  box. 
The  forward  pinion  iB  in  constant  mesh  with  the 
double  helical  main  gear,  which  is  keyed  on  the 
propeller  shaft.  By  following  through  the  gear 
train,  you  can  see  that,  for  ahead  motion,  the 
propeller  rotates  in  a  direction  opposite  to  the 
engine's  rotation. 

The  parts  of  the  airflex  clutOi  which  give 
the  propeller  astern  rotation  are  illustrated  in 
the  lower  view  of  figure  22-32.  The  reverse 
clutch  is  inflated  to  engage  the  reverse  drum, 
which  is  then  driven  by  the  engine.  The  reverse 
drum  is  keyed  to  the  short  reverse  shaT^  which 
surrounds  the  fbrward  drive  shaft.  A  large 
reverse  step-up  pinion  transmits  the  motion  to 
the  large  reverse  step-up  gear  on  Vie  upper 
shaft  The  upper  shaft  rotation  is  opposite  to 
the  engine's  rotation.  The  msdn  reverse  pinion 
on  the  upper  shaft  is  in  constant  mesh  with  the 
main  gear.  By  tracing  through  tlie  gear  train, 
it  may  be  seen  that,  for  reverse  rotation,  the 
propeller  rotates  in  the  same  direction  as  the 
engine. 

The  diameter  of  the  main  gear  of  the  airflex 
clutch  is  approximately  2  1/2  times  as  great 
as  that  of  the  forward  and  reverse  pinions.  Thus, 
there  is  a  speed  reduction  of  2  1/2  to  1  from 
either  pinion  to  the  propeller  shaft. 

Since  the  forward  and  main  reverse  pinions 
are  fai  constant  mesh  with  the  main  gear,  the 
set  that  is  not  clutched  in  will  rotate  as  Idlers 
driven  firom  the  main  gear.  The  idlbig  gears 
rotate  bi  a  direction  opposite  to  their  rotation 
iriien  carrying  the  load.  For  example,  with  the 
forward  clutch  engaged,  flie  main  reverse  pinion 
rotates  fai  a  direction  opposite  to  Its  rotation  for 
astern  motion  (note  the  dotted  arrow  in  the  tqiper 
view  of  figure  22-32.  Once  the  drums  rotate  in 
opposite  Erections,  a  control  mectanlsm  Is  In- 
stalled to  prevent  the  engagement  of  both  dutches 
sinmltaneoaily. 

The  airflex  clutch  is  controlled  by  an  oper- 
ating lever  which  works  the  air  control  housing, 
located  at  the  after  end  of  the  forward  pinion 
shaft  The  control  meck^nism,  shown  with  the 
airflex  dutches  in  figure  22-39,  (firectsOiehi^ 
pressure  air  faoto  the  proper  paths  to  inflate 
tte  dutch  glands  (tires).  The  air  shaft,  irtiich 
connects  the  contrd  mechanism  to  the  ddtches, 
panes  throng  the  forward  drive  shaft. 

The  supply  air  enters  the  control  housing 
throi«h  tteair  chedtvAlveandmnstpassairoqgh 


the  small  air  orifice.  The  purpose  of  the  re- 
stricted orifice  is  to  delay  the  inflation  of  the 
dutch  to  be  engaged,  when  shifting  from  one 
direction  of  rotation  to  the  other.  The  delay  is 
necessary  to  allow  the  other  dutch  to  be  fully 
deflated  and  out  of  contact  with  Its  drum  before 
the  Inflating  dutch  can  make  contact  with  its 
drum. 

The  stqpply  air  goes  to  the  rotary  air  joint 
in  which  a  hollow  carbon  cylinder  is  hdd  to 
the  valve  shaft  by  spring  tension.  This  pre- 
vents leakage  between  the  stationary  carbon 
seal  and  the  rotating  air  valve  shaft.  The  afr 
goes  from  the  rotary  joint  to  the  four-way  air 
valve.  The  sliding-sleeve  assembly  of  the  four- 
way  valve  can  be  shifted  endwise  along  the  valve 
shaft  by  operating  the  contrd  lever. 

When  the  shifter  arm  on  tlie  control  lever 
slides  the  valve  assembly  away  from  tlie  engine, 
air  Is  directed  to  the  forward  dutch.  The  four- 
way  valve  makes  the  connection  between  the  air 
siqpply  and  the  forward  dutch,  as  fdlows:  there 
are  eig^  neutrd  ports  which  connect  the  cen- 
tral air  supply  passage  tn  the  valve  shaft  with 
the  sealed  air  chamber  In  the  Sliding  member. 
In  the  neutral  position  of  the  four-way  valve,  as 
shown  in  figure  22-39,  the  air  chamber  Is  a 
dead  end  for  the  siqnfly  air.  In  the  forward 
position  of  the  valve,  the  diding  member  un- 
covers eltfit  forward  ports,  which  connect  with 
the  forward  passages  conducting  the  air  to  the 
forward  dutch.  The  air  now  flows  tlirough  the 
neutral  ports,  air  chamber,  forward  ports,  and 
forward  passages  to  inflate  the  forward  dutch 
gland.  As  long  as  the  valve  Is  In  the  forward 
position,  the  forv:  ird  dutch  wm  remain  Inflated 
and  the  exAtte  fcxward  air  system  will  remain 
at  a  pressure  of  100  psi. 

LUBRICATION.— Ob  most  large  gear  units, 
a  separate  Ubrlcatlon  system  Is  used.  One 
hdirlcatlOD  system  Is  shown  In  figure  22-40. 
on  Is  plcfeeduptrom the  gear  boKby  an  dectric- 
driven  gear-type  liAricating  oO  pomp  and  is 
sent  throogfi  a  strataier  and  coder.  After  betaig 
deaned  and  coded,  the  oil  is  returned  to  the 
gear  boot  to  cod  and  lubricate  the  gears.  In 
twin  instanaflons,  sadi  as  shown  hi  ttgare  22- 
40  a  sqparate  pump  is  used  for  each  unit  and  a 
standby  pump  Is  interconnected  for  emergency 
use. 

Bfdradlc  Cautcbes  or  CoiqditngB 

The  fluid  dutch  (coupling)  is  widdy  used 
on  Kavy  sldps.  The  use  of  faydradic  coqdtog 
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Figure  22-S9.-Aliaai  dotcbes  and  control  valyes. 


eliminates  the  need  for  a  mechanical  coonecticn 
twtween  the  «nKlne  and  Uie  rednctlon  gears. 
CoopllngB  of  this  type  qiwrate  wVh  a  minimnm 
ofil^ipage. 

Some  4|Mge  is  uecsssaiy  for  operation  of 
Vtm  hj&nMc  eooplbig,  sinee  trnqpe  is 
mitted  liuiBiii  of  the  prlne^le  of  rdattre 
tioo  lietween  tte  two  rotors.  The  power  loss 
resuftlng  fron  tte  sinsll  smoont  of  Sliiyage  is 
trantf  armed  into  heat  wfaidi  is  absorbed  by  tte 
nQ  in  tte  Bfttnu, 


ERIC 


ttc  dutchM  Incfo  ft  flnndbor  of  fldvtttsps*  Tbsra 
to  no  iincluudcd  ccmccttop  bctivMtt  ttedrlt  lus 
ind  di'tvw  tfuMUls  of  fbB  Ujf&iuUc  confUo^ 
Puwfti  to  transmttted  Qnmli  tts  oooiiltaK  imy 
tfPefaBfly  Jg7  pcrcwf) 
toniQod  irflmfiooSy  ot* 
ei«lw  to  Oto  KdneUm  gnortf.  IMS  pr^^ 


loads  iililch  may  occur  u  a  rcmilt  of  ptoton 
setoEora  or  fooling  of  tba  propter.  The  power 
to  tranamttted  antlrdy  by  the  circolatlOD  of  a 
drhring  flnid  (oU)  bdwwii  radUl  paaaagaa  in  a 
pair  of  rotors,  b  adffltlon,  tte  assetnbly  of  tlie 
hyteanlic  coopUnB  wm  abaotb  or  allow  fbr 

The  two  rotors  atid  tba  oD-sealing  eofsr  of 
a  typical  bydranlic  coopUng  are  Shown  in  figure 
28-41.  The  primary  rotor  (iiapeaer)  toattadied 
to  tts  engine  crankstaft.  Tte  secondary  rotor 
(ruDoer)  to  attached  to  tte  rsdnetlon  gear  pinion 
tfsdt.  The  cover  is  tiotted  to  the  aecoodary 
rotor  and  surrouuds  tte  primary  rotor.  Each 
rotor  to  dsved  Ufce  s  half «4oQgbnat  with  raiUal 
pBftHlons.  A  shallow  troogh  to  wdded  tototte 
psrlillona  around  tte  tasier  amrfaes  of  tterotOT. 
The  radial  paaaages  tnmd  snder  tUa  troogh 
(ss  hwHcated  tqr  tte  wbfte  arrows  In  fig.  22- 
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ngore  22-40.— Sehemattc  diagram  at  reverse  gear  hdbrteaUon  syatem. 
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When  the  eoopUng  !•  aaaeiidbied,  tlie  two 
rotors  are  placed  faclnt  eaeh  olber  to  complete 
fbe  6a^finA  (fie  fi-42).  Tbe  rotors  do  not  qpfte 
toodi  each  oOmr,  Ow  dearanee  Uetweeu  Oiem 
beliic  1/4  to  5/8  iiMli,  dependHiK  onthe  atae  of 
VbB  fymiillT^t.  for^  raOial  iwaaaf  M  of  tte 
two  rotors  are  ogposfte  eadi  oOWr,  so  that  tim 
asaatas  comblBe  to  mafee  a  cirenlar 
exempt  for  tte  smaD  gi|Mi  Iwlaem  Oie 


li  fte  hfdnaglie  eolvllaK  fsseaalty,  abowBin 
flgwe  12-42,  fte  *tvlag  afeatt  IS  second  to  tte 
flMtae  cradohsft  and  tte  drtven  afeaftfoesto 
the  rwdeetton  fear  Hob.  Tte  oQ  loM  sdaifls  oQ 
dbweOy  to  tte  rotor  eavRles,  tttieh 
tf<iiiii<tt«(ly  fined,  tte  rotor  hwli<  is 
to  tbe  secuBdhry  rotor  and  has  m 


Joint  with  the  drlTlng  shaft.  A  ring  valTe, 
going  entirely  aroond  tte  rotor  boosing,  can  be 
qpBrated  by  the  ring  valve  mechanism  to  open 
or  dose  a  series  of  emptytaigbQlee  (fig.  22-42) 
boostag.  When  tte  ring  vahre  Is  opened,  the  ofi 
wm  fly  oot  from  the  rotor  boosing  tato  the 
eoqplbig  boostaig,  draining  the  ea«ltaig  com- 
pletdy  In  two  or  ttree  seconds.  Even  when  tte 
rta«  valte  is  dosed,  some  oQ  leaks  oat  Into 
tte  coqplbig  boostaig,  mid  adffltianal  oQ  entera 
thromh  tte  tadet.  From  tte  eoopUng  boosing, 
tte  ofi  IS  dMwn  by  a  pmap  to  a  coder,  tten 

sent  bade  to  tte  coitf  Igg.  ^   

Aaotter  eoqpUag  assembly  osed  on  severu 
Navy  ships  is  the  ~  " 
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Figure  22-41.— Runner,  Impdler,  and  cover  cC 
hTdraiiltc  coqiltiig. 

similar  to  the  one  described  above,  a  seriee 
cC  piston  valTes,  around  Vtm  periphery  cC  the 
rotor  housing,  are  normally  held  in  the  closed 
posttton  Iqr  sprfaigs.  By  mens  cC  air  oQ  pres- 
sure admitted  to  the  valves,  as  shown  In  figure 
22-43,  the  listens  are  moved  salaUy  ao  as  to 
uncover  drain  ports,  allowing  the  coupling  to 
empty.  Where  extremely  rapM  declutching  Is 
not  reqylred,  the  plston-valva  coupling  otters 
tbe  advantsgss  of  greater  stmpUclty  and  lower 
cost  ttiaa  the  ring- valve  coupUng; 

Anottw  type  of  self-contained  unit  for  cer- 
tain dlesd  engine  drives  Is  the  scoop  control 
coupling,  sliown  In  figure  22-44.  In  coqpltngs 
of  this  type,  tlie  oQ  Is  pldcsd  up  by  one  of  two 
scoop  tntoes  (onf#tnbe  for  each  direction  of 
rotation),  mourfed  on  the  estemal  mantfoldi 
Ekdi  scoop  tdbe  contains  two  passages:  a 
smaller  one  ^[ovtermost)  hsisBea  the  normal 
flow  of  oQ  far  cooUag  nd  lubrication,  and  a 
lasrgCT  one  whldi  rapUBy  transfers  oil  firom  tte 
reservlor  <HrecQy<i|o  flie  working  clrcnft. 
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S.S3      Figure  22-42.— Bydraxdic  coupling  assembly. 
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The  scoop  tubes  are  operated  from  the  con- 
trol stand  throng  a  system  of  linkages.  As 
one  tube  moves  outward  from  the  shaft  center- 
line  and  Into  the  oil  amndus,  the  other  Is  being 
retracted. 

Four  spring-loaded  centrifugal  valves  are 
mounted  on  the  primary  rotor.  These  valves 
are  ammged  to  open  progresBlvdy  as  the  speed 
of  ttie  primary  rotor  decreases.  The  arrange- 
ment provides  tbe  necessary  oQ  flow  for  cod- 
ing as  It  Is  required.  Qcdck-emptylng  piston 
valves  are  provHIed  to  give  rqild  emptying  of 
the  circuit  when  the  scoop  tube  is  withdrawn 
from  contact  with  the  rotating  oQ  aumdus. 

ttoder  normal  circulating  conditions,  oil  fed 
Into  On  coUector  rtaig  passes  bdo  ttie  piston 
valve  control  tabes.  These  tubes  and  connecting 
passages  condnrt  oil  to  the  outer  end  of  the 
pistons.  The  eeutrUtigal  force  of  tfie  oQ  In  the 
control  tube  holds  tte  piston  against  flie  valve 
port,  ttns  seiltac  off  flie  circutt.  When  the 
scoop  tube  Is  withdrawn  from  ttie  oa  anoatas 
tai  the  reservoir,  the  ctrcolatioi^^  oQ  wQl  be 
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Figure  22-44.— Scoop  control  bydraiillc  coupling. 
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tntemqyted  and  tbe  oQ  In  the  control  tubes  will 
lie  diBCharged  through  the  orifice  in  tbe  outer 
end  of  the  pieton  honstng.  This  rdeases  the. 
pressure  on  the  piston  and  allows  it  to  move 
outward,  thus  opening  the  port  for  rapid  dis- 
charge of  OIL  Resomption  of  oil  flow  from  the 
scoop  tube  will  fill  the  control  tubes;  and  the 
pressure  wiU  move  tiie  piston  to  the  closed 
position. 

When  the  engine  is  started  and  thu  couplbig 
is  filled  with  oQi  the  primary  rotor  turns  with 
Urn  engine  craidaihaft.  As  the  primary  rotor 
tnmSi  tbe  oU  In  tts  radial  passages  flows  out- 
ward, under  centrlftigal  force. .  (See  arrows  in 
fig.  22-42.)  This  forces  oU  across  the  gap  at 
the  outer  edge  of  the  rotor  and  into  the  radial 
passages  of  the  secondary  rotor,  where  the  oU 
flows  biward.  The  oa  in  tbe  primary  rotor  is 
not  oidy  flowing  otthiard,  but  Is  also  rotaUng. 
As  the  oQ  flows  over  and  tato  tbe  secondary 
rotor,  It  strikes  flie  rsi^  bisdes  tai  rotor. 

Tbe  secondary  rotor  soon  trngtem  to  rotate 
and  v/Uk  np  speed,  Mt  4t  wm  always  rotate 
more  ilowly  than  ftm  primary  rotor  because  of 


drag  on  the  secondary  shaft  Therefore,  the 
centrlfts^l  force  of  the  oil  in  the  primary  rotor 
will  always  be  greater  than  that  of  the  oil  hi  tbe 
secondary  rotor.  This  causes  a  constant  flow 
tram  the  primary  rotor  to  the  secondary  rotor 
at  the  outer  ends  of  the  radial  passages,  and 
from  the  secondary  rotor  to  the  primary  rotor 
at  the  tamer  ends. 

The  power  loss  In  tbe  hydraulic  clutch  is 
small  (3  percent)  and  Is  caused  by  friction  tai 
the  fluid  ttsdf  .  This  means  that  qiproKlmately 
97  percent  of  the  power  delivered  to  the  pri- 
mary rotor  Is  transmitted  to  the  reduction  gear. 
The  loss  power  Is  transformed  into  heat  that  Is 
Absorbed  by  the  oU— wbioh  is  tbe  reason  for 
sendtaig  port  of  the  oil  tbrouifb  a  cooler  at  all 
times. 

MAINTENANCE 

Keeping  an  internal  ccmibostlon  engine  (diesel 
or  gasotbae)  tai  good  operattaig  condition  demands 
a  wdl-plsnned  procedure  of  periodic  Inqpection, 
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adju8tinent8|  maintenance,  and  repair.  B  in- 
qpections  are  made  regularly,  many  maladJuat- 
menta  can  be  detected  and  corrected  before  a 
seriouB  caaualty  remits.  A  idanned  mainte- 
nance program  will  help  to  prevent  major 
casualties  and  tlie  occurrence  of  many  operat- 
ing troubles. 

There  may  be  times  when  service  require- 
ments interfere  with  a  planned  maintenance 
program.  In  this  erenti  routine  maintenance 
must  be  performed  as  soon  aa  possible  after 
the  specified  interval  of  time  has  eUqpsed. 
Necessary  corrective  measures  should  be  ac- 
complished as  soon  as  possible;  if  repair  jdbi 
are  dlowed  to  accumulatOi  the  result  may  be 
Imrried  and  incomplete  work. 

Since  tlie  Navy  uses  so  many  models  of 
internal  combustion  engbies,  tt  is  impossible 
to  specify  any  detailed  overiunil  procedure  that 
is  adaptable  to  all  mod^.  Howeveri  there  are 
several  general  ndes  vdiich  apiAyto  all  engines. 
They  are: 


1.  Detailed  repair  procedures  are  listed  in 
manu&cturers'  instruction  "lan^ials  atwi  nt^iy^fra- 
nance  pamphlets.  Study  the  appropriate  manuals 
and  pamphlets  before  attempting  any  repair 
work.  Pay  partiadar  attention  to  tolerancesi 
llmitSi  and  adjustments. 

2.  The  highest  degree  of  cleanlbiess  must 
be  dbserved  in  handling  engine  parts  daring 
overhaul. 

3.  Before  starting  repair  work,  be  sure  that 
all  required  tools  and  replacements  for  known 
defective  parts  are  available. 

4.  DetaUed  records  of  repairs  shoidd  be 
kept  Such  records  sboiild  imdude  themeamre- 
ments  of  parts,  hours  in  um,  and  new  parts 
installed.  An  analysts  of  soch  records  wOl 
tnllcate  ttm  hours  of  operatioa  that  may  be 
eivected  fnm  the  various  eiit^iie  parts.  This 
knowledge  is  hOpUl  as  an  aid  in  determining 
wben  a  part  shoidd  be  renewed  in  order  to 
avoid  a  failure. 

5.  DetaOed  information  on  preventive  main- 
tenance la  contataied  In  the  PMB  Itannal  for  the 
engineering  aepaiimeut.  All  preventive  main- 
tenance shoidd  bB  ac^cnmpltshed  in  aecorduiee 
with  the  (S-M  ^FStem)  Plamied  Malrttenance 
Sotaystem  vridch  Im  based  upon  the  proper 
uUUsatlon  of  the  PMS  mannala,  lAdntenanee 
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Requirement  Cards  (lIRCs),  and  schedules  for 
the  accomplislu^ient  of  planned  maintenance 
actions.  An  llRC  Card  is  shown  in  figure  22- 
4S. 

It  shoidd  be  noted  that  the  PllS  does  not 
cover  certain  operating  ehedcs  and  inqpections 
that  are  reqpiired  as  a  normal  part  of  the  regu- 
lar watchstandlng  routine.  For  example,  you 
win  not  find  such  things  ub  hourly  pressure 
and  temperature  chedn  or  routbie  oil  level 
checks  listed  as  maintenance  requirements 
under  tlie  PllS.  Even  though  these  routtaie 
operating  checks  are  not  listed  as  PMB  require- 
ments, you  must  of  course  stm  perform  them 
in  accordance  with  allqpidicablewatchstander's 
Instructions, 
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CHAPTER  23 


GAS  TURBINES 


The  gas  turbine  engine,  long  regarded  as 
a  promising  but  experimental  prime  mover, 
has  In  recent  years  been  developed  to  the  point 
▼here  It  Is  entirely  practicable  for  sttp  pro- 
pulsion and  for  a  number  of  auxiliary  applica- 
tions. Gas  turbine  engines  are  currently  in- 
stalled as  prime  movers  on  mlnesvreqpers, 
landing  craft,  PT  boats,  air-sea  rescue  boats, 
hydrofoils,  hydroddmmers,  and  other  craft,  bi 
addition,  the  gas  turbine  engine  is  finding  in- 
creasing application  as  the  driving  unit  for 
ship's  service  generators,  pumps,  and  other 
auxiliary  units. 

Althou^  the  gas  turbine  engine  as  a  type 
need  no  longer  be  regarded  as  expertanental, 
many  apecifle  models  of  gas  turbine  m^es  are 
still  at  least  partlaUy  operlmental  and  street 
to  fturther  chaiage  and  development.  The  discus- 
sion in  this  ctairter  therefdre  deals  primarily 
with  the  general  principles  of  gas  turbine 
engines  rather  than  with  specific  models.  De- 
tailed information  on  any  specific  model  maybe 
obtained  from  the  manufacturer's  technical  man- 
ual furnished  with  the  equ^mient. 


BASIC  PRDICIPLES 

The  gas  torblne  engine  bears  some  resein- 
blance  to  an  internal  coaabttstion  engine  of  ilie 
rec4>rocattaig  type  and  some  resenddanee  to  a 
steam  tmbine.  Bowever,  a  tnlet  consideration 
of  the  basic  prtnetples  of  a  gas  tmUne  engtaie 
reveals  several  Vrsys  in  nUeh  the  gas  turbine 
engine  is  qutte  millke  either  the  reclproMtlng 
internal  condrastlon  engine  or  the  steam  turbine. 

Let  us  look  first  at  the  thermodynamic 
cycles^  of  the  three  engine  types.  The  recipro- 


^ 'A'ueruiud^iiamle  cycles  are  dlsoussed  In  ohMjpter  Sof 
Udsteat. 


eating  Internal  combustion  engine^  has  an  open, 
heated-engine  cycle  and  the  steam  turblne^has 
a  dosed,  unheated-englne  cycle.  In  contrast,  the 
gas  tuxbine  has  an  open,  unheated-englne  cyde*- 
a  combination  we  have  not  previously  encoun- 
tered in  our  study  of  naval  machinery.  The  gas 
turbine  cycle  is  open  because  it  includes  the 
atmosphere;  it  is  an  unheated-englne  cycle  be- 
cause the  vrorUng  substance  is  heated  in  a  de- 
vice vddch  is  separate  ftom  the  engine. 

Another  way  in  which  the  three  types  of 
engines  differ  is  in  the  woridng  substance.  The 
woridng  fluid  in  a  steam  tuxbine  installation  is 
steam.  In  t)oth  the  reciprocating  internal  com- 
bustion engine  and  the  gas  turbine  engine,  the 
working  fluid  may  be  considered  as  being  the 
hot  gases  of  combustion  that  result  from  the 
burning  of  ftiel  in  air.  However,  there  are  very 
important  differences  in  the  way  the  working 
fluid  is  used  In  the  reciprocating  internal  com- 
bustion engine  and  in  the  gas  turbine  engine. 

Still  other  differences  in  the  three  types  of 
engines  become  qnmrent  when  we  consider  the 
arrangement  and  relationship  of  component  parts 
and  the  processes  that  occur  during  the  cycle. 
Frcmi  our  study  of  previous  charters  of  this 
text,  we  are  already  familiar  with  the  functional 
arrangement  of  parts  in  steam  turbine  installa- 
tions and  in  reciprocating  internal  combustion 
engines.  Now  let  us  look  at  the  relationship  of 
the  major  conqponents  in  a  basic  gas  turbine 
engine,  as  illustrated  schematically  in  figure 
23-1. 

In  the  steam  turbine  installation,  the  proc- 
esses of  combustion  and  steam  generation  take 
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Figure  23-1. -Schematic  diagram  showing  relationship  of  parte  in  single-shaft  gas  turbine  engine. 


place  in  the  boiler,  while  the  process  by  y^Adch 
the  thermal  energy  ofthe  steam  is  ccmverted  into 
mechanical  work  takes  place  in  the  turbine.  In 
the  reciprocating  internal  combustion  engine, 
three  processes— the  compression  of  atmos- 
pheric air,  the  combustion  of  a  ftiel-air  mixture, 
and  the  conversion  of  heat  to  work— all  take 
place  in  one  unit,  the  cylinder.  The  gas  turbine 
engine  is  similar  to  the  reciprocating  internal 
combustion  engine  in  that  the  same  three  proc- 
esses—compression, combustion,  and  conver- 
sion of  heat  to  work— occur;  but  it  is  unlike  the 
reciprocating  internal  combustion  engine  inthat 
these  three  processes  take  place  in  three  sepa- 
rate units  rather  than  in  one  unit.  In  the  gas 
turbine  engine,  the  conqpresslon  of  atmospheric 
air  is  accomplished  in  the  conqpressor;  the  com- 
bustion of  ftiel  is  accomplished  in  the  combus- 
tion chamber;  and  the  conversion  of  heattowork 
is  acconqdished  in  the  turbine. 

l&ny  different  types  and  models  of  gas 
turbine  engines  are  in  use.  The  gas  turbine 
engine  shown  in  figure  23-1  is  called  a  sln^- 
shaft  type  because  one  shaft  from  the  t^ine 
rotor  drives  the  compressor  and  an  extension 
of  this  same  shaft  drives  the  load. 

The  gas  turbine  engine  shown  in  figure  23-2 
is  called  a  split-shaft  type.  This  engine  is  con- 
sidered to  be  split  into  two  sections:  the  gas* 


producing  section,  or  gas  generator,  and  the 
power  turbine  section.  The  gas-generator  sec- 
tion, in  vAAch  a  stream  of  esqpanding  gases  is 
created  as  a  result  of  continuous  combustion, 
includes  the  compressor,  the  combustion  cham- 
ber (or  chambers),  and  the  gas-generator  tur- 
bine. The  power  turbine  section  consists  of  a 
power  turbine  and  the  power  ou^mt  sliaft  bthls 
type  of  gas  turbine  engine,  there  is  no  mechani- 
cal conneetion  between  the  gas-generator  tur- 
bine and  the  power  turbine.  When  the  engfaie  h 
operating,  the  two  turbines  produce  basically  the 
saue  effect  as  that  produced  by  a  hydraulic 
torque  converter.  The  split  shaft  gas  turbine 
engine  is  well  suited  for  use  as  a  propulsion 
unit  where  loads  vary,  since  the  gas^generator 
section  can  be  operated  at  a  steady  and  con- 
tinuous speed  wldle  the  power  turbine  section 
is  free  to  vary  with  the  load.  Starting  effort 
required  for  a  qillt-shaft  gas  turbine  engine 
Is  far  less  than  that  required  for  a  single-shaft 
gas  turUne  engine  connected  to  the  reduction 
gear,  propulsion  shaft,  and  propeller. 

hi  the  twin-spool  gas  turbine  engine  (fig. 
23-3)  the  air  conqpressor  is  qplit  into  two 
sections  or  stages  and  each  stage  Is  driven 
by  a  separate  turbine  element.  The  lowpressure 
tuibine  element  drives  the  low  pressure  com- 
pressor element  and  the  pressure  turbine 
element  drives  the       pressure  conqpressor 
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Hgure  23-2 •^Schematic  diagram  showing  relationship  of  parts  in  split-shaft  gas  turt)ine  engine. 


element.  Like  the  split-shaft  type,  the  twin- 
spool  gas  turbine  engine  is  usually  divided  into 
a  gas-generator  section  and.  a  power  turbine 
section.  However,  some  twin- spool  gas  turbine 
engines  are  so  arranged  that  the  low  pressure 
turbine  element  drives  the  low  pressure  com- 
pressor element  and  the  power  ou^ut  shaft. 

The  basic  cycle  ctf  the  gas  turbine  engine 
is  one  of  isentropic  compression,  constant- 
pressure  heat  addition,  isentropic  esqpansion, 
and  ccmstant-pressure  heat  rejection.  As  the 
hot  combustion  gases  are  esqpanded  through  the 
turbine,  converting  thermal  energy  intomechan- 
ical  work,  some  of  the  tuxbine  work  is  used  to 
drive  the  compressor  and  the  remainder  is  used 
to  -drive  the  load.  The  power  output  from  the 
turbine  is  steady  and  continuous  and,  after  the 
initial  start,  self-sustaining. 

Although  this  chapter  deals  oolj  with  gas 
turbine  engines  which  operate  on  the  simple 
open  cycle,^  it  should  be  mentioned  that  other 
cycles  are  also  ctf  interest  to  designers  of  gas 
tuxbine  engines;  Amcmg  the  cycles  that  have 
been  considered  (and  to  some  extent  used)  are 
the  closed  cycle,  the  semi-open  cycle,  and 


various  modiftcations  of  the  simple  open  cycle. 
In  one  such  modification,  known  as  the  regen- 
erated open  cycle,  the  hot  exhaust  gases  from  the 
turbine  are  passed  through  a  heat  exchanger  in 
which  they  give  up  some  heat  to  the  air  between 
the  compressor  discharge  and  the  inlet  to  the 
combustiCMi  chamber.  The  utilization  of  this  heat 
decreases  the  amount  offtiel  required  and  there- 
by increases  the  efficiency  of  the  cycle, 

FUNCTIONS  OF  COMPONENTS 

As  we  haye  seen,  the  three  major  compo- 
nents of  a  gas  tuxbine  engine  are  the  compres- 
sor, the  combustion  chamber,  and  the  turbine. 
In  addition,  the  engine  requires  a  number  of  other 
components,  accessories,  and  systems  in  order 
to  operate  as  a  complete  unit.  The  functions  of 
the  gas  turbine  engine  components  are  described 
in  the  following  sections. 

Compressor 

The  compressor  takes  in  atmoq;>heric  air 
and  compresses  it  to  a  pressure  of  several 
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Figure  23-3.— Schematic  diagram  showing  relatlcmshlp  of 
parts  In  twin-spool  gas  turbine  engine. 


atmospheres.  Part  of  the  compressed  air,  called 
primary  air,  enters  directly  Intothe  combustion 
chamber  where  It  Is  mixed  with  the  atomized 
fuel  sothatthe  mixture  can  be  Ignited  ai»4  burned. 
The  remainder  of  the  air,  called  secondly  air, 
Is  mixed  with  the  gases  of  combustion.  The  pur- 
pose  of  the  secondary  air  Is  tococfl  the  combus- 
tion gases  down  to  the  desired  turbine  liilet 
temperature. 

Both  axial-flow  compressors  and  centrifugal 
(radial-flow)  compressors  are  currently  used 
In  gas  turbine  engines.  There  are  several  pos- 
sible conflgmratlons  of  these  basic  types,  some 
of  which  are  In  use  and  some  of  which  are  In 
eaqperlmental  phases  ot  development. 

In  the  axlal-flow  conqpreissor  the  air  Is  com- 
pressed as  It  flows  axlally  along  the  shaft. 
An  axlal-flow  compressor  of  good  design  may 
achieve  etflclencles  In  the  range  of  82  to  88 
percent  at  compressor  pressure  ratios  ugp  to 
8:1.  At  higher  pressure  ratios,  the  efficiency 
tends  to  decrease.  Axial  flow  compressors  may 


be  of  the  single-spool  type,  previously  illustrated 
In  figures  23-1  and  23-2,  or  of  the  twln-spocfl 
type,  as  shown  In  figure  23-3.  The  gas  turbine 
engine  shown  In  flgure  23-4  has  an  axlal-flow 
compressor  of  the  single-spool  type.  Figure 
23-5  shows  an  axlal-flow  single-spool  com- 
pressor removed  from  Its  engine.  Where  twin- 
spool  axlal-flow  compressors  are  used,  a  sepa- 
rate turbine  drives  each  spool,  as  shown  In 
figure  23-3. 

The  centrifugal  (radlal-flow)  compressor 
picks  iq?  the  entering  air  and  accelerates  It 
outward  by  means  of  centrifugal  force.  The 
centrlfUg^  compressor  (fig.  23-6)  may  achieve 
efficiencies  of  80  to  84  percent  at  pressure 
ratios  of  2.5  to  4  and  efficiencies  of  76  to  81 
percent  at  pressure  ratios  of  4  to  10. 

The  advantages  of  the  axlal-flow  compressor 
Include  hl^  peak  efficiencies;  a  relatively  small 
frontal  area  for  any  given  air  flow;  and  only 
nei^lglUe  losses  between  stages,  even  when 
a  large  number  of  stages  are  used.  The 
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Figure  23-4.— Gas  turbine  engine  with  single-spool  axial-flow  compressor. 


147.138 


disadvantages  of  the  axial-flow  compressor 
include  difficulty  of  manufacture,  high  initial 
cost,  and  relatively  great  weight. 


147.139 

Figure  23-5.<-Slngle-8po61  axial-flow 
con^ressor. 


The  advantages  of  the  centrifugal  compressor 
include  a  highpressure  rise  per  stage,  simplicity 
of  manufacture,  low  initial  cost,  and  relatively 
4ight  weight.  The  disadvantages  of  the  centrifugal 
compressor  include  the  need  for  a  relatively 
large  frontal  area  for  a  given  a^r  flow  and  the 
difficulty  of  using  two  or  more  stages  because 
of  losses  that  would  occur  between  the  stages. 

Combustion  Chamber 

The  combustion  chamber  is  the  component 
in  which  the  fUel-air  mixture  is  burned.  The 
combustion  chamber  consists  of  a  casing,  aper- 
forated  inner  shell,  a  fuel  nozzle,  and  a  device 
for  initial  ignition.  The  number  of  combustion 
chambers  used  in  a  gas  turbine  engine  varies 
widely;  as  few  as  one  and  as  many  as  sixteen 
combustion  chambers  have  been  used  in  one  gas 
turbine  engine. 

The  combustion  chamber  is  the  most  efficient 
component  of  a  gas  turbine  engine.  Efficiencies 
between  95  and  98  percent  canbe  obtained  over  a 
wide  operating  range.  To  produce  suchefficien- 
cies,  combustion  chambers  are  designed  to  oper- 
ate with  low  pressure  losses,  high  combustion 
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Figure  23-6.*Centriftigal  (radial-flow)  compressor. 


efficiency,  and  good  flame  stabUity.  Additional 
requirements  for  the  combustion  chamber  in- 
clude low  rates  of  carbon  formation,  light 
weight,  reliabUity,  reasonable  length  of  life, 
and  the  abUity  to  mix  cold  air  withthe  hot  com- 
bustion gases  in  such  a  way  as  to  give  uniform 
temperature  distribution  to  the  turbine  blades. 

Only  a  small  part  (perhaps  one-fourth)  of 
the  air  which  enters  the  combustion  chamber 
area  is  burned  with  the  ftiel.  The  remainder  of 
the  air  is  used  to  keep  the  temperature  of  the 
combustion  gases  low  enough  so  that  theturbhie 
nozzles  and  blades  will  not  be  overheated  and 
thereby  damaged. 

The  basic  types  of  combustion  chambers  hi 
current  use  arethetubular  or  can-type  chamber, 
the  annular  chamber,  the  can-annular  chamber, 
and  the  elbow  chamber. 

The  tubular  or  can-type  chamber,  shown  hi 
figures  23-7  and  23-8,  is  used  with  both  axial- 
flow  and  centrifugal  conipressors.  The  can-type 
combustion  chamber  consists  of  an  outer  case 
or  housing  wlthhi  which  Is  a  perforated,  stahi- 
less  steel,  highly  heat  resistant  conabustlon 
chamber  liner.  The  combustion  chamber  housing 
Is  divided  to  facilitate  Uner  reiflacement.  Each 
can-type  chamber  has  Its  own  hutlvldual  air 
Inlet  duct. 

hiter  connector  tubes  (flame  tubes)  are  a  nec- 
essary part  of  can-type  combustlcm  chambers. 
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Figure  23-7.»Tubular  or  can-type  combustlcm 
chamber. 
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Figure  23-8.— Elements  of  tubular  or  can-type  combustion  chamber. 
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Since  each  of  the  combustion  chambers  has  Its 
own  separate  burner,  each  one  operating  Inde- 
pendently of  the  others,  there  must  be  some  way 
to  spread  the  flames  during  starting.  This  re- 
quirement Is  met  by  interconnecting  all  the 
chambers  so  that,  as  the  flame  is  startedtqr  the 
spark  Ignition  plugs  in  the  lower  chambers,  the 
flame  passes  through  the  Inter  connector  tubes 
and  Ignites  the  combustible  mixture  hi  the  ad- 
jacent chambers.  Once  Ignition  is  obtained,  the 
spark  Igniters  are  automatically  cut  off. 

The  annular  combustion  chamber  Is  more 
efficient  than  the  can-type  chamber.  Although 
details  of  design  may  vary,  the  annular  com- 
bustion chamber  consists  essentially  of  aslngle 
chamber  which  conqpletely  surrounds  the  enghie. 
Fuel  enters  the  combustion  chamber  through  a 
series  of  nozzles  which  are  mounted  equidistant 
from  each  other  on  a  ring  at  theftont  end  of  the 
combustion  chamber;  because  of  this  arrange- 
ment/the  flame  Is  distributed  evenly  aroundthe 
entire  circumference  of  the  combustion  cham- 
ber. Diffusion  of  air  and  an  etflc  lent  flame 
pattern  are  maintained  by  means  of  rows  of 
holes  which  are  punched  in  the  outer  liner  or 
basket  of  the  combustion  chamber. 

The  can-annular  combustion  chamber  com- 
bUies  features  of  both  the  can-type  chamber 
and  the  i^ular  chamber.  The  can-annular 
chamber  allows  an  annular  discharge  from  the 
compressors,  from  which  the  air  flows  to  indi- 
vidual burners  where  the  fuel  is  injected  and 
burned.  The  can-annular  combustion  chambers 
are  arranged  radially  around  the  axis  of  the 
engine— the  axis  hi  this  instance  being  the  rotor 


shaft  housing.  Figure  23-9  shows  the  arrange- 
ment of  can-annular  combustion  chambers. 

The  can-annular  combustion  chambers  are 
enclosed  by  a  removable  steel  shroud  which 
covers  the  entire  burner  section.  This  feature 
makes  the  burners  readily  accessible  for  any 
required  maintenance. 

The  can-annular  combustion  chambers  are 
Interconnected  by  means  of  projectUig  flame 
tubes.  These  flame  tubes  facilitate  start Uig, 
as  previously  described  in  connection  with  the 
can-type  combustion  chamber. 

Each  of  the  can-annular  combustion  cham- 
bers contains  a  central,  bullet-shsq[)ed,  perfo- 
rated liner.  The  size  and  shape  of  the  holes  are 
designed  to  admit  the  correct  quantity  of  air 
at  the  required  velocity  and  ang^e.  Cutouts  are 
provided  In  two  of  the  bottom  chambers  for  the 
installation  of  the  spark  igniters. 

Each  can-annular  combustion  chamber  re- 
ceives fuel  tlirough  duplex  nozzles  installed  at 
the  forward  end  of  the  chamber.  Guide  vanes 
around  the  fuel  nozzles  direct  the  primary  air 
.  and  cause  It  to  enter  the  combustion  chamber 
with  a  swlrlhig  motion  which  mixes  the  fuel 
and  air  and  thus  leads  to  even  and  complete 
combustion. 

Turbine   , 

Jn  theory,  design,  and  operating  character- 
istics, the  turbines  used  in  gas  turbine  engines 
are  quite  similar  to  the  turbines  used  in  a 
steam  plant.  The  gas  turbine  differs  from  the 
steam  turbine  chiefly  in  the  type  of  Uadbig 
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Figure  23-0.— Can-annular  combustion  chamber. 
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material  used,  the  means  provided  for  cooling 
the  bearings  and  hi^y  stressed  parts,  and  the 
higher  ratio  of  blade  length  to  wheel  diameter 
which  is  required  to  acconunodate  the  large 
gas  flow. 

The  turbine  section  of  a  gas  turbine  engine 
is  located  directly  behind  the  combustion  cham- 
ber outlet.  The  turbine  consists  of  two  basic 
elements,  the  stator  and  the  rotor.  Part  of  a 
stator  element  is  shown  in  figure  23-10;  a  rotor 
element  is  shown  in  figure  23-11. 

The  stator  element  is  referred  to  by  various 
names,  indudhig  fa^ipbine  nnf  «le  vMiea  and  tur- 
bine jguide  vanes.  The  vanes  of  the  stator  ele- 
ment serve  the  same  purpose  as  the  nozzles 
in  an  impulse  steam  turbine  or  the  stationary 
blading  in  a  reacticm  steam  turbine— that  is, 
they  convert  thermal  energy  into  mechanical 
kinetic  energy.  The  vanes  of  the  stator  element 
are  contoured  and  set  at  such  an  an^e  that 
they  form  a  number  of  small  nozzles  which 
discharge  the  gas  as  extremely  high  speed  jets. 
As  in  the  case  of  the  nozzles  (or  stationary 
blading)  of  steam  turbines,  the  increase  in 


velocity  may  be  equated  with  the  decrease  in 
thermal  energy.  The  vanes  of  the  stator  element 
direct  the  flow  of  gas  to  the  rotor  blades  at  the 
required  angle  while  the  turbine  wheel  is  rotat- 
ing. 

The  rotor  element  of  the  turbine  consists 
of  a  shaft  and  a  Uaded  iKdieel  or  disk.  The  wheel 
is  attached  to  the  main  power  transmitting  shaft 
of  the  gas  turbine  engine.  The  jets  of  combus- 
tion gas  leaving  the  vanes  of  the  stator  element 
act  upon  the  turbine  blades  and  cause  the  turbine 
wheel  to  rotate  at  a  very  high  rate  of  speed. 
The  high  rotational  speed  inqposes  severe  cen- 
trifugal loads  on  the  turbine  wheel,  and  at  the 
same  time  the  very  high  temperatures  result  in 
a  lowering  of  the  strength  of  the  material. 
Consequently,  the  engine  speed  and  tenqperature 
must  be  controlled  to  keep  turbine  operation 
within  safe  limits.  Even  so,  the  operating  life 
of  the  turbine  blading  is  accepted  as  the  govern- 
ing factor  in  determining  the  life  of  the  gas 
turbine  engine. 

The  turbine  may  be  of  the  single-rotor  type 
or  of  the  multiple-rotor  type.  Either  single-rotor 
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Figure  23-10.— Stator  element  of  turbine 
assembly. 

or  multiple-rotor  turbines  may  be  used  with 
either  centrifugal  or  axial-flow  compressors, 
hi  the  single-rotor  type  of  turbine,  the  power 
ia  developed  Iqr  one  rotor  and  all  engine-driven 
parts  are  driven  by  this  sinc^e  wheel.  In  the 
multiple-rotor  type,  the  power  is  developed  by 
two  or  more  rotors,  ft  is  possible  for  one  or 
more  rotors  to  drive  the  compressor  and  the 
accessories,  while  one  or  more  other  rotors 
are  used  for  the  power  output. 

Main  Bearings 

The  main  bearings  in  a  gas  turbine  engine 
serve  the  critical  function  of  supporting  the 
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Figure  23-11.— Rotor  element  of  turbine 
assembly. 


compressor,  the  turbine,  and  the  engine  shaft. 
The  number  and  position  of  main  bearbigs  re- 
quired for  proper  support  vary  according  to 
the  length  and  stiffness  of  the  shaft,  with  both 
length  and  stiffiaess  being  affected  by  the  type 
of  compressor  used  in  the  engine.  In  general, 
a  gas  turbine  engine  requires  at  least  three 
main  bearings  and  may  require  six  or  even 
more. 

Several  types  of  main  bearings  are  used 
in  gas  turbUie  engines.  Ball  and  roller  bearings 
have  been  quite  commonly  used  in  the  past,  and 
they  are  still  used  in  many  aircraft  gas  turbine 
engines.  Sleeve  bearings,  split-sleeve  bearings, 
floating-sleeve  bearings,  and  slipper  bearings 
are  commonly  used  in  gas  turbine  engbies  de- 
signed for  marine  prcq^iulslon. 

The  slipper  or  plvoted-shoe  type  of  bearing 
has  recently  attracted  considerable  attention  and 
Is  being  used  Increasingly  for  main  bearings  on 
gas  turbine  engines  and  other  hlfgtk  speed  en- 
gines. This  type  of  bearing  is  designed  with 
relatively  large  rf^dial  clearances.  Since  a 
rotating  object  tends  to  rotate  about  Its  true 
balance  center  when  it  is  not  restrained  by 
bearbigs  or  supports,  the  large  radial  clear- 
ances in  the  slipper  bearings  allow  a  khid  of 
self -balancing  action  or  autonuitlc  compensation 
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Figure  23-12.— Slipper  bearing. 
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for  balance  errors  to  take  place  when  the  engine 
is  operating. 

One  type  of  slipper  bearing  Is  shown  in  figure. 
23-12.  Jn  this  type  of  bearing,  the  slipper  con- 
sists of  four  pivoted-shoe  segments,  similar  to 
the  pivoted  shoes  used  in  Kingsbury  bearings. 
The  segments  are  held  together  loosely  by  a 
wire  spring. 

Another  type  of  slipper  bearing  is  shown  in 
figure  23-13.  hi  this  type  of  bearing,  the  slipper 
consists  of  six  segments  which  are  fastened  in 
place  by  dowel  pins.  This  type  of  bearing  is 
sometimes  called  a  fixed-pivot  slipper  bearing. 

Accessory  Drives 

Because  the  turbine  and  the  compressor  are 
on  the  same  rotating  shaft,  a  papular  miscon- 
ception is  that  the  gas  turbine  engine  has  only 
one  moving  part.  This  Is  not  the  case,  however. 
A  gas  turbine  engine  requires  a  starting  device 
(which  is  usually  a  moving  part),  some  kind  of 
control  mechanism,  and  power  take-offs. 

The  accessory  drive  secticm  of  the  gas 
turbine  engine  takes  care  of  these  various 
accessory  functions.  The  primary  purpose  of 
the  accessory  drive  section  is  to  provide  space 
for  the  mounting  of  the  accessories  required 
for  the  operation  and  contrdL  of  the  engine. 
Secondary  purposes  include  acting  as  an  oil 
reservoir  and/or  oil  sump  and  providhig  for 


Figure  23  43.— Slipper  bearing 
(fixed-pivot  type). 
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and  housing  accessory  drive  gears  and  reduction 
gears.  The  accessory  drive  section  of  a  gas 
turbine  engine  is  shown  in  figure  23-14. 

The  gear  train  is  driven  by  the  engine  rotor 
throu^  an  accessory  drive  shaft  gear  coupling. 


The  reduction  gearing  within  the  case  provides 
suitable  drive  speeds  for  each  engine  accessory 
or  conq)onent.  Because  the  operating  rpm  of  the 
rotor  is  so  high,  the  accessory  reduction  gear 
ratios  are  relatively  high.  The  accessory  drives 
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Figure  23-14.— Cutaway  view  of  accessory  drive  section. 
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are  supported  by  ball  bearings  assembled  In  the 
mounting  bores  of  the  accessory  case. 

Accessories  al^ys  provided  in  the  acces- 
sory drive  section  include  the  fuel  control,  with 
its  governing  device;  the  hig^  pressure  fuel  oil 
puaap  or  pumps;  the  oil  sump;  the  oil  pressure 
and  scavenging  pump  or  pumps;  the  auxiliary 
fuel  pump;  and  a  starter.  Additional  acces- 
sories which  may  be  included  in  the  accessory 
drive  section  or  which  may  be  provided  else- 
where  include  a  starting  fuel  pump,  a  hydraulic 
oil  pump,  a  generator,  and  a  tachometer.  Some 
gas  turbine  engines  are  equ^qped  with  magnetos 
for  ignition  and  these  magnetos  are  driven  from 
the  accessory  drive.  Most  of  these  accessories 
are  essential  for  the  operation  and  control  of 
any  gas  turbine  engine;  however,  the  particular 
combinnticn  and  arrangement  of  engine-driven 
accessories  depends  tq)on  the  use  for  Drtiich  the 
gas  turbine  engine  is  designed. 


Engine  Systems 

The  major  systems  of  a  gas  turbine  engine 
are  those  which  supply  fuel,  l\A>ricating  oil,  and 
electricity. 

FUEL  SYSTEM. *-The  fuel  system  siqn>lie8 
the  specified  fuel  for  combustion.  The  compo- 
nents of  a  fuel  system  depend  to  some  extent 
iqpon  the  type  of  gas  turbine  engine;  however, 
the  basic  fuel  oil  system  shown  in  figure  23-15 
may  be  regarded  as  typical  of  a  simple  fuel 
system.  The  engine-driven  pump  receives  fil- 
tered fuel  from  a  motor-driven  supply  pump  at 
a  constant  pressure.  The  enghie-driven  fUel 
pump  increases  the  pressure  and  forces  the  fuel 
through  the  high  pressure  filter  to  the  fuel  con- 
trol governor  in  the  fuel  control  assembly.  The 
fuel  contrcA  governor  provides  fuel  to  the 
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Figure  23-15.— Fuel  flow  diagram  for  gas  turbine  engine. 
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nozzles  at  the  pressure  and  volume  required  to 
maintain  the  desired  engine  performance.Atthe 
same  time,  the  fuel  control  governor  Umitsfuel 
flow  to  maintain  qperating  conditions  within  safe 
limits. 

The  fuel  nozzles  serve  to  introduce  the  fuel 
into  the  combustion  chamber .  The  fuel  is  sprayed 
into  the  combustion  chamber  under  pressure , 
through  small  orifices  in  the  nozzles.  Various 
kinds  of  fuel  nozzles  are  in  use.  Figure  23*16 
shows  a  simplex  nozzle  and  a  diqplex  nozzle. 
The  simplex  nozzle  was  used  on  some  older 
gas  turbine  engines.  Most  recent  gas  turbine 
engines  use  some  kind  of  dtq;)lex  nozzle.  A  duplex 
nozzle  requires  a  dual  manifold  just  ahead  of 
the  nozzles  and  a  flow  divider  (before  the  mani- 
fold) to  divide  the  fuel  into  primary  and  sec* 
ondary  streams.  The  diqplex  type  of  nozzle  pro* 
vides  a  desirable  spray  pattern  for  combustion 


Figure  23*16.^Fuel  nozzles. 
A.  Simplex.  B.  Diqplex. 
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over  twice  the  range  of  that  provided  by  the 
simplex  nozzle. 

The  fuel  control  assembly  is  the  unit  which 
regulates  the  turbine  ipm  by  adjusting  fuel  flow 
from  the  high  pressure  engine-driven  pump  to 
the  fuel  nozzle.  The  major  parts  of  the  fuel 
control  assembly  are  shown  in  figure  23*17. 
Fuel  enters  the  fuel  control  assembly  and  is 
pumped  through  a  filter.  Hi^  pressure  fuel  is 
routed  to  the  differential  relief  valve,  then  to 
the  fuel  shutoff  valve,  and  finally  to  the  fuel 
nozzles. 

The  speed  setting  lever  on  the  outboard  end 
of  the  governor  is  connected  to  a  speed  control 
device  on  the  control  console  either  by  a  cable 
or  by  an  electric  servomotor.^  At  the  fuel  con* 
trol  end,  the  lever  is  keyed  to  a  pinion.  This 
pinion  positions  a  rack  which  in  turn  controls 
the  governor  flyweight  spring.  The  mechanism 
regulates  gas  producer  speed  according  to  the 
position  of  the  control  lever.  With  the  control 
lever  in  any  particular  position,  variations  from 
the  preset  speed  are  sensed  by  the  governor 
flyweights  and  a  compensating  movement  of  the 
fuel  control  valve  results.  An  externally  adjust* 
able  needle  valve  provides  a  constant  minimum 
fuel  flow  during  deceleration,  when  the  governor 
valve  is  closed,  to  prevent  loss  of  combustion. 
An  acceleration  limiter,  consisting  of  a  needle 
valve  positioned  by  a  shaft,  arm,  and  bellows, 
is  actuated  by  compressor  discharge  pressure. 
During  acceleration,  this  mechanism  controls 
fuel  flow  to  the  point  at  which  the  governor  fly* 
weight  mechanism  and  its  fuel  control  valve 
take  over. 

LUBRICATING  SYSTEM. -Because  of  the 
high  operating  rpm  and  the  high  operating  tem* 
peratures  encountered  in  gas  turbine  engines, 
prqper  lubrication  is  of  vital  importance.  The 
lubricating  system  is  designed  to  supply  bear* 
ings  and  gears  with  clean  lubricating  oil  at  the 
desired  pressures  and  temperatures.  In  some 
installations,  the  lubricating  system  also  fur* 
nishes  oil  to  various  hydraulic  systems.  Heat 
absorbed  by  the  lubricating  oil  is  transferred 
to  the  cooling  medium  in  a  lube  oil  cooler. 

The  lubricating  system  shown  in  figure  23* 
18  has  a  combined  hydraulic  system— in  this 
case,  the  hydraulic  system  is  for  the  operation 
of  a  hydraulic  clutch  in  a  gas  turbine  prqpulsion 


Servomechanisms  are  discussed  In  chiqptei'  20  of  this 
text.  vfi- 
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Figure  23-17.— Schematic  diagram  of  Aiel  control  assembly. 
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system.  The  lubricating  system  Ulustrated  Is  of 
the  dry-sump  type^  with  a  common  oil  siqpply 
from  an  externally  mounted  oil  tank.  The  system 
includes  the  oil  tank,  the  lubricating  oil  pump, 
the  hydniullc  oil  pump,  the  air  inlet  scavenging 
pump,  the  oil  temperature  switch,  the  oU  cooler, 
oil  filters,  the  pressure  regulating  valve,  the 
dlverter  valve,  and  a  low  pressure  switch. 

All  bearings  and  gears  in  the  engine,  acces- 
sory drives,  reduction  gears,  and  reverse  gear 
are  Itibxldated  and  cooled  by  tlie  lid)rlcating 
system.  Also,  as  may  be  bbserved  in  figure 
23-18,  the  system  illustrated  iiere  sun^ies  da 
for  the  lubrication  of  the  fuel  cbhtrcfl  governor. 

ELECTRICAL  SySTEM.-Ih  the  gas  turbine 
engine,  the  electrical  system  (fig.  23-19)  is  the 
principal  means  of  automatic  control  of  the 


engine.  Electrical  circuits  which  incorporate: 
speed  and  pressure  sensing  switches  control  the! 
starting  and  ignition  sequence  by  q[>enlng  and- 
closing  various  valves  in  the  fuel  system^  Engine! 
operating  conditions  are  reported  by  speed,- 
pressure,  and  tenqperHture  operated  switches: 
and  temperature  bulbs.  j 
The  electrical  system  usually  includes  a< 
starter,  an  ignition  circuit,  a  control  battery,! 
and  relays,  bi  addition,  it  Includes  electrical  ac-j 
cessories  and  control  components  such  as  the! 
starting  and  ignition  control  switches  and  relays;! 
the  panel-mounted  instruments  and  indicator! 
lights  for  oil  temperature,  oil  pressure,  and  en< 
gine  rpm;  and  engine-mounted  reporting  devices 
such  as  fuel  pressure  switches,  oil  temperature 
switches,  oil  pressure  switches,  and  thermo- 
couples. 
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Figure  23>19.— Electrical  system  for  gas  turbine  engine. 

610 


75.2751 


615 


Chapter  23.  -GAS  TURBINE 


The  starting  and  ignition  circuits  receive 
power  from  storage  batteries.  The  warning  and 
safety  circuits  receive/ power  from  the  ship's 
power  mspply  panel.  Power  for  the  indicating 
circuits  is  self  genex^ted  by  thermocoiq[>les 
and  other  units  in  the  circuits. 

Ehgine  Starters 

Of  the  various  methods  used  for  starting  gas 
turbine  engines,  the  thrive  most  conunon  devices 
are  the  air  turbine,  the  hydraulic  starting  de- 
vice/ and  the  electric  starter-generator. 

The  air  turbine  starter  is  a  turbine-air  motor 
with  a  radial  lnward*flow  turbine  wheel  assem- 
bly and  an  engaging  and  disengaging  mechanism. 
Compressed  air  is  supplied  to  the  air  turbine 
from  an  external  source. 

The  hydraulic  motor  starter  consists  of  a 
motor-driven  hydraulic  pump  mounted  s^a- 
rately.  It  siq[>plies  high  pressure  l^rdraulic  oU 
to  the  hydraulic  motor  starter,  which  is  mounted 
on  the  accessory  pad  along  with  its  engaging 
and  disengaging  mechanism.  The  Iqrdraulic 
motor  starter  is  quite  similar  to  the  air  turbine 
starter;  however,  the  Iqrdraulic  motor  starter 
is  usually  used  for  larger  and  higher  horsepower 
gas  turbine  engines. 

The  electric  starter-generator  is  a  shunt- 
wound  d-c  generator  with  compensating  windings 
and  a  series  winding,  using  a  24-v61t  battery 
power  source.  The  generator  1b  usually  mounted 
on  the  accessory  drive  pad.  The  generator  is  so 
designed  and  controlled  that  it  can  be  used  as  an. 
engine  starter.  When  the  designed  engine  speed 
is  reached,  the  starter-generator  is  automati- 
cally switched  from  a  starter  to  a  generator. 

IBANSMISSION  OF  ENGINE  POWER 

The  two  main  typ^s  of  gas  turbine  engine 
installations  used  for  ship  propulsion  are  (1) 
the  geared  drive,  and  (2)  the  turboelectrlc 
drive. 

The  ftmdamental  characteristics  of  the  gas 
turbine  engine  make  it  necessary  for  the  drive 
mechanism  to  change  both  the  speed  and  the 
direction  of  shaft  rotation  in  the  driven  mechan- 
ism. The  process  of  transmitting  engine  power 
to  a  point  where  it  can  be  used  in  performing 
useful  work  involves  a  number  of  factors,  two 
of  which  are  torque  and  speed.  The  gas  turbine 
engine  does  not  produce  high  torque,  but  it  does 
I  produce  high  speed.  Therefore,  a  gear  train  is 
[used  with  most  gas  turbine  engines  to  lower 


speed  and  Increase  torqiie.  This  is  true  In 
both  types  of  Installations.  In  the  case  of  the 
geared  drive  Installation,  the  gears  are  used 
between  the  gas  turbine  engine  and  the  prq;>el- 
ler  shaft.  In  the  case  of  the  turboelectrlc  drive, 
the  gears  are  usually  used  between  the  gas 
turbine  engine  and  the  generator  shaft,  to  reduce 
the  rpm  of  the  generator  to  a  practicable  oper- 
ating value. 

The  propelling  equipment  of  a  boat  or  ship 
must  be  capable  of  providing  reversing  power 
as  well  as  forward  power.  In  a  few  ships  and 
boats,  reversing  is  acconq[>lished  by  the  use  of 
controllable  pitch  propellers.^  In  most  vessels, 
however,  reversing  is  accomplished  by  the  use 
of  reversing  gears. 

Reducing  the  speed  of  rotation  and  reversing 
the  direction  of  shaft  rotation  are  not  the  only 
requirements  the  drive  mechanism  of  a  ship 
or  boat.  It  is  also  necessary  to  make  some  pro- 
vision for  the  fkct  that  the  engine  must  be  able 
to  operate  at  times  without  transmitting  power 
to  the  propeller  shaft.  In  the  electric  drive, 
this  is  no  problem  because  the  transmission 
of  power  is  controlled  electrically.  With  the 
gear  type  of  drive,  however,  it  is  necessary  to 
include  a  means  of  disconnecting  the  engine 
from  the  propeller  shaft.  Devices  used  for  this 
purpose  are  called  clutches. 

Ihe  arrangement  of  components  in  a  gear- 
type  drive  varies,  depending  upon  the  type  and 
size  of  the  Installation.  In  some  of  the  small 
Installations,  the  clutch,  the  reversing  gear, 
and  the  reduction  gear  may  be  combined  in  a 
single  unit.  This  type  of  arrangement  is  shown 
in  figure  23-20.  tn  other  Installations,  the  clutch 
and  the  reversing  gearmaybe  in  one  housing  and 
the  reduction  gear  in  a  separate  housing  attached 
to  the  reversing  gear  housing.  Drive  mechan- 
isms arranged  in  either  manner  are  called 
transmissions. 

GAS  TURBINE  ENGINES  AND 
JET  PROPUISION 

Thus  far,  we  have  considered  the  gas  turbine 
engine  as  a  prime  mover  which  delivers,  power 
in  the  form  of  torque  on  an  ou^ut  shaft.  In  con- 
cluding this  chapter,  it  should  be  noted  that 
the  gas  turbine  engine  also  serves  as  the  prime 


Controllable  pitch  propellers  are  disoussed  in  dum- 
ter  5of  thistexfc. 
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mover  in  the  power  plants  of  many  military 
aircraft.  When  so  adapted,  the  gas  turbine 
engine  develops  power  by  converting  thermal 
energy  into  mechanical  kinetic  energy  in  a  high 
velocity  gas  stream.  The  highly  accelerated  gas 
stream  creates  thrust  which  propels  the  air- 
craft. This  method  of  creating  thrust  is  called  the 
direct  reaction  or  jet  prCTndsion  method. 

The  concept  of  thrust  is  basic  to  an  under- 
standing of  Jet  prppulsicm.  The  concept  of  thrust 
is  based  on  Newton's  third  law  of  motion,  which 
may  be  stated  as  follows:  For  every  acting  force 
there  is  an  equal  and  opposite  reacting  force. 
In  tne  case  of  aircraft  in  flight,  the  acting  force 
is  the  force  the  engine  exerts  on  the  air  mass 
as  it  flows  through  the  engine.  The  reacting  force 
(thrust)  is  the  force  which  the  air  mass  exerts 
on  the  components  of  the  engine  as  the  heated 
air  mass  is  discharged  from  the  jet  nozzle  at 
the  rear  of  the  airplane.  In  other  words,  thrust 
is  not  produced  by  the  ejected  air  mass  reacting 
against  the  atmosphere;  rather,  thrust  is  cre- 
ated within  the  engine  as  the  air  mass  flowing 
Ithrough  the  engine  is  accelerated  and  dis- 
Icharged. - 

I  Engines  which  include  the  gas  turbine  and 
[which  create  thrust  by  the  direct  reaction 
Imethod  are  comnkpnly  identified  as  turbojet 
[engines.  Except  for  a  diffuser  and  a  different 
[type  exhaust  system  in  engines  of  the  turbojet 
ronpe,  the.  basic  components  of  the  turbojet  engtaie 
kre  similar  in  design  and  function  to  the  C(»n- 
bonents  at  any  cpen-cyde  gas  turbine  engine, 
nrhe  function  at  the  diffuser  is  to  decrease  the 
Ivelocity  of  the  inlet  air  and  to  increase  its 
bressure  before  the  air  enters  the  compressor. 
n*he  exhaust  system  of  aturbojet  engine  consists 
basically  of  a  cone  and  a  (Convergent  nozzle. 
Ilhe  exhaust  cone  is  designed  to  exhaust  to  the 


nozzle  the  accelerated  air  mass  which  the  other 
components  ci  the  engine  deliver  to  the  cone. 
As  the  accelerated  air  mass  flows  through  the 
convergent  nozzle,  its  velocity  is  greatly  in- 
creased and  thrust  is  created  within  the  engine. 

MAINTENANCE 

The  maintenance  of  gas  tuibines  is  the 
normal  function  of  operating  activities.  Cleanli- 
ness is  one  at  the  most  important  basic  essen- 
tials in  operation  and  maintenance  of  gas  tur- 
bines. Particular  care  should  be  exercised  in 
keeping  fuel,  air,  coolants,  lubricants,  rotating 
elements,  and  combustion  c  hambers  clean .  Pe  ri- 
ddle inspection  procedures  should  be  followed 
in  order  to  detect  maladjustments,  possible 
failures,  and  excessive  clearances  of  moving 
parts.  All  inspection  and  maintenance  require- 
ments should  be  .accomplished  in  accordance 
with  the  3-M  System  (PMS  Subsystem). 

CAUTION:  Never  use  lead  pencUs  for  mark- 
ing gas  turbine  hot  parts,  because  the  carbon 
content  of  the  pencil  lead  will  cause  stainless 
steel  to  become  brittle,  causing  a  possible  fail- 
ure of  the  parts  that  were  mariced.  A  grease 
pencU  should  be  used  in  marking  gas  turbine 
parts.  Do  not  use  steel  wool  to  clean  gas  tur- 
bine parts,  unless  the  wool  is  stainless  steel. 

Overhaul  periods  and  procedures  are  set 
up  by  the  Naval  Ship  Systems  Command.  These 
periods  and  procedures  are  reported  to  the 
Fleet  through  NavShips  Technical  Manuals  and/ 
or  direct  correspondence.  Accurate  operating 
logs  should  be  kept  on  each  engine  so  the  number 
of  hours  and  operaticmal  history  on  each  engine 
is  readUy  known.  These  records  aid  in  devel- 
oping measures  which  improve  engine  reli- 
abUity. 
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NUCLEAR  POWER  PLANTS 

i 


Nuclear  reactors  release  nuclear  energy  by 
the  fission  process  and  transform  this  energy 
into  thermal  energy.  While  we  are  learning  more 
daily  about  the  phenomena  which  occur  in  nuclear 
r  eactionSi  the  knowledge  already  gained  has  been 
put  to  use  in  both  the  submarine  andthe  surface 
fleets.  The  Navy  is  now  in  the  second  decade  of 
the  utilization  of  nuclear  energy  for  ship  pro- 
pulsion. 

Nuclear  engineering  is  a  field  that  is  in  the 
stage  of  rapid  development  at  the  present  time; 
therefore  the  discussion  in  this  chapter  is  limited 
to  the  basic  concepts  to  reactor  principles.  The 
discussion  of  nuclear  physics  is  limited  to  the 
fission  process,  since  all  power  reactors  in 
operation  at  this  time  use  the  fissioning  of  a 
heavy  element  to  release  nuclear  energy.^ 

ADVANTAGES  OF  NUCLEAR  POWER 

A  major  advantage  of  nuclear  power  for  any 
naval  ship  is  that  less  logistic  support  is  re- 
quired. On  ships  using  conventional  petroleum 
fuels  as  an  energy  source,  the  cruising  range 
and  strategic  value  are  limited  by  the  amount 
of  ftiel  which  can  be  stored  in  their  hulls.  A 
ship  of  this  type  must  either  return  to  port  to 
take  on  fuel  or  refuel  for  a  tanker  at  seaman 
operation  which  is  time  consuming  and  hazar- 
dous. 

Nuclear -powered  ships  have  virtually  un- 
limited cruising  range,  since  the  refueling  is 
done  routinely  as  part  of  a  regular  scheduled 
overhaul.  On  her  first  nuclear  fuel  load,  the 
USS  Nautilus  steamed  62,562  miles,  more  than 
half  of  this  distance  fully  submerged.  The  USS. 
Enterprise  steamed  over  200,000  miles  before 


For"  a  discussion  of  nuclear  fiislOQp  see  John  F. 
Hogerton,  The  Atomio  Energy  Deskbook  (New  York: 
Reinhold  Publishing  Corp.,  1963) »  p.  196. 


being  refueled.  In  1963,  Operation  Sea  Orbit,  a  : 
30,000-mile  cruise  around  the  world  In  65  days, 
convletely  without  logistic  support  of  any  kind, 
proved  conclusively  the  strategic  and  tactical; 
flexibility  of  a  nuclear-powered  task  force. 

There  are  other  (and  perhaps  less  obvious) ; 
advantages  of  nuclear  power  for  aircraft  car-  [ 
rlers.  For  one  thing,  tanks  that  would  otherwise  | 
be  used  to  store  boiler  fuels  can  be  used  on  | 
nudear-powered  carriers  to  store  additional 
aircraft  fuels,  thus  giving  the  ship  a  greater 
striking  potential.  Another  advantage  is  the  lack 
of  stacks;  since  there  are  no  stack  gases  to 
cause  turbulence  in  the  flight  deck  atmosphere,  j 
the  operation  of  aircraft  Is  less  hazardous  thani 
on  conventionally  powered  ships. 

The  fact  that  a  nuclear-powered  ship  requires 
no  outside  source  of  oxygen  ixota  the  earth's 
atmosphere  means  that  the  ship  can  be  com- 
pletely closed  off,  thereby  reducing  the  hazards 
of  any  nuclear  attack.  This  greatly  Increases 
the  potential  of  the  submarine  fleet  by  glyingi 
It  the  capability  of  staying  submerged  for  ex- f 
tended  periods  of  time.  In  1960  the  nuclear-| 
powered  submarine  USS  Triton  com?7eted  a; 
submerged  clrcunmavlgatlon  of  the  woi  .  J,  trav- 
elUig  a  distance  of  35,979  miles  In  83  days  and 
10  hours. 

NUCLEAR  FUNDAMENTALS 

1 

At  the  present  time  there  are  103  knownj 
elements  of  which  the  smallest  particle  thatj 
can  be  separated  by  chemical  means  Is  the' 
atom.  The  Rutherford-Bohr  theory  of  atomic 
structure  (fig.  24-1)  describes  the  ato^  as; 
being  similar  to  our  solar  system.  At  the; 
center  of  every  atom  Is  a  nucleus  which  Is' 
comparable  with  the  sun;  moving  in  orbltsi 
around  the  nucleus  are  a  number  of  partl-| 
des  called  electrons.  The  electrons  have  a 
negative  charge  and  are  held  In  orbit  by  the 
attraction  of  the  positively  charged  nucleus. 
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41.2 

Figure  24-U'-Rutherford-Bohr  models 
of  simide  atoms. 

Two  elementary  particles,  protons  and  neu» 
trons,  often  referred  to  as  nucleons^composeOw 
atomic  nucleus.  The  positive  cfiirge  of  atomic 
nuclei  is  attributed  to  the  protons.  A  proton  has 
an  electrical  charge  eqiial  and  opposite  to  thatot 
an  electron.  A  neutron  has  no  charge. 

The  number  of  electrons  in  an  atom  and 
their  relative  orbital  positions  predict  how  an 
element  will  react  chemically,  whereas  the 
number  of  protons  in  an  atom  determines  which 
element  it  is.  An  atom  which,  is  not  ionised 
contains  an  equal  number  of  protons  and  elec- 
trons; thus  it  is  said  to  be  neutral,  since  the 
total  atomic  charge  is  zero. 

As  shown  in  part  A  of  figure  24-1,  the 
hydrogen  atom  has  a  single  proton  in  the  nucleus 
and  a  single  orbital  electron.  Hydrogen,  the 
[  lig^est  element,  Is  said  to  have  a  mass  of 
approximately  one.  The  next  heavier  atom, 
that  of  helium  (part  B  of  fig.  24-1),  had  a  mass 
of  four  relative  to  hydrogen  and  was  eq[>ected 
to  contain  four  protons.  It  was  found  that  the 
helium  atom  has  only  two  protons  instead  of  the 
four  expeded;  the  remainder  of  its  mass  is 
attributed  to  two  neutrons  located  in  the  nucleus 
of  the  helium  atom.  The  more  complez  atoms 
contain  more  protons  and   neutrons  iq  the 
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-1 

147.154 

Figure  24-2.-Characteristics  of  elementary 
atomic  particles. 

nucleus,  with  a  corresponding  increase  in  the 
number  of  idanetary  electrons.  The  planetary 
electrons  are  arranged  in  orbits  or  shells  of 
definite  energy  levels  outside  the  nucleus. 

The  characteristics  of  the  elementary  atomic 
particles  are  compiled  in  figure  24-2.  Note 
that  the  mass  of  a  proton  Is  much  greater  than 
that  of  an  dectron;  it  takes  about  1847  electrons 
to  wei|^  as  much  as  one  hydrogen  proton. 

ft  is  possible  for  atoms  of  the  same  element 
to  have  different  numbers  of  neutrons,  and 
therefore  different  masses.  Atoms  which  have 
the  same  atomic  number  (number  of  protons  in 
the  atom)  but  different  masses  are  called 
Isotopes.  Different  isotopes  of  the  same  element 
are  identified  by  the  atomic  mass  number. 
which  is  the  total  number  of  neutrons  and 
protons  contained  within  the  nucleus  of  the 
atom. 

The  element  hydrogen  has  three  known 
isotppes,  as  shown  in  figure  24-3.  The  simplest 
and  most  conunon  known  form  of  hydrogen 
consists  of  1  proton,  which  is  the  nucleus, 
and  1  orbital  electron.  Another  form  of  hydro- 
gen, deuterium,  consists  of  1  proton  and  1 
neutron  forming  the  nucleus.  The  third 
form,  trflluin,  consists  of  1  proton  and  2 
neutrons  forming  the  nucleus  and  1  orbital 
electron. 

In  scientific  notation,  the  three  isotopes 
of  hydrogen  are  written  as  follows: 

Conunon  hydrogen  

'1.2 

Deuterium  1" 

*  3 

Tritium  

In  this  notation,  the  subscript  precedbig 
the  symbol  of  the  element  indicates  the  atomic 
number  of  the  element.  The  superscript  following 
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A  COMMON  HYDROGEN 


B  DEUTERIUM 


C  TRITIUM 


] 


Figure  24-S.-bot(qpe8  of  hydrogen. 


5.40(147A) 


the  symbol  of  the  elemi»it  Is  the  atomic  mass 
number;  thus  the  superscript  Indicates  which 
Isotope  of  the  element  Is  being  referred  to. 
The  geneal  symbol  for  any  atom  Is  thus 
Z 

where 

X  symbol  of  the  element 
Z  atomic  number  (number  of  protons) 
A  atomic  mass  number  (sum  of  the  number 
of  protons  and  the  number  of  neutrons) 

Of  the  known  103  elements^  there  are  ap- 
proximately 1000  tsotopesi  most  of  which  are 
radloactlve.2  Figure  24-4  gives  the  nuclear 
composlton  of  various  Isotopes. 

RADIOACTIVITY 


All  Isotopes  with  atomic  number  Z  greater 
than  83  are  naturally  radioactive  and  many  more 
Isotopes  can  be  made  artlflcally  radioactive  by 
bombarding  with  neutrons  which  upset  the 
neutron-protcm  ratio  of.  the  normally  stable 
nucleus. 

Naturally  radioactive  Isotopes  undergo  ra- 
dioactive decomposition,  thereby  forming  lighter 
and  more  stame  nuclei.  Radioactive  decom- 
position occurs  through  the  emission  of  an 


^For  a  dstiiled  dlsoussion  of  miolear  stabUltyp  see 
Francis  W.  Sears  and  Mark  W.  Zemanslgr,  Univje^raity 
Physicy  (8d  ed.;  Reading,  Idass.:  Addiaon-Weslqr 
Publishing  Conqpaiqr,  Inc.,  1964),  p.  997. 


alpha  particle  or  a  beta  particle.  One  or 
more  ganmut  rays  may  also  be  emitted  with 
the  alpna  or  beta  particle. 

An  alpha  particle  (symbol  a)  la  composed 
of  two  protons  and  two  neutrons.  It  is  the 
nucleus  of  a  helium  (2He^)  atom,  has  an  elec- 
trical charge  ot  ^2,  and  is  very  stable,  hi 
the  decay  process  to  a  more  stable  element, 
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Figure  24-4.-Nuclear  conqposltlon 
of  various  isotopes. 
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many  unstable  nuclei  emit  an  alpha  particle. 
The  results  of  alpha  emissicm  can  be  seen 
from  the  following  equation: 


92 


90 


234 


Jn  the  above  equation,  the  parent  isotope 
of  uraniiun  (f^2^  ^  ^  ^  naturally  occurrhig, 
radioactive  isotope  which  decays  by  alpha 
emission.  Since  the  A  and  Z  numbers  must 
balance  in  a  nuclear  equation,  and  since  an 
alpha  particle  contains  two  protons,  we  see 
that  the  uranium  has  changed  to  an  enthrely 
new  element. 

Tter  radioactive  isotope  of  thorium 
(oO*^  )  produced  in  the  above  react  ion  further 
decays  by  the  emission  of  a  beta  particle  sym- 
bol/}) as  indicated  in  the  following  equation: 


90 


;Th 


234. 


^1^*91^ 


234 


The  beta  pi^rticle  has  properties  similar 
to  an  electron.^  However,  the  origin  of  the 
beta  particle  is  within  the  nucleus  rather 
than  the  orbital  shells  of  an  atom.  It  is  postu- 
lated that  a  beta  particle  is  emitted  at  an 
extremely  hi^  energy  level  when  a  neutron 
within  the  nucleus  decays  to  a  proton  and  an 
electron  (beta  particle).  When  this  phenomenon 
occurs,  the  proton  stays  within  the  nucleus 
forming  an  isotope  of  a  different  element 
having  the  same  mass. 

A  radioactive  isotope  may  go  through  several 
transformations  of  the  above  types  before  reach- 
ing a  stable  state.  In  the  case  of  92U2^^ 
there  are  a  total  of  eight  alpha  particles  and 
six  beta  particles  emitted  nrior  to  reaching 
a  stable  isotope  of  lead  (82Pb^^^). 

The  thhrd  manner  in  which  a  naturally 
radioactive  isotope  may  reach  a  more  stable 
configuraticm  is  by  the  emission  of  gamma 
rays  (sjrmbcA  Y).  The  gamma  ray  is  an  electro- 
magnetic type  of  radiation  having  frequency, 


3 

Francis  W.  Sears  and  Mark  W.  Zemansky.  Uni- 
versity Physics  (3d  ed.;  Reading,  Mass.:  Addison- 


Wesley  Publishing  Con^any,  Iho..  1964),  p.986. 


high  energy,  and  a  short  wave  length.  Gamma 
rays  are  similar  to  X-rays  in  that  the  prop- 
erties are  the  same*  The  distinguishing  factor 
between  the  two  is  the  fact  that  gamma  rays 
are  originated  in  the  nucleus  of  an  atom, 
whereas  the  X-ray  originates  from  the  orbital 
electrons.  In  general  it  can  be  said  that  a 
gamma  ray  is  of  higher  energy,  higher  fre- 
quency, and  shorter  wave  length  than  an  X- 
ray. 

Frequently  an  isotope  which  emits  an  alpha 
or  beta  particle  in  the  decay  process  will 
emit  one  or  more  gamma  ravs  at  the  same 
time,  as  hi  the  case  of  0700^^,  an  isotope 
that  decays  by  beta  emission  and  at  the  same 
time  emits  two  gamma  rays  of  different  energy 
levels.  Some  radioactive  isotopes  reach  a  stable 
state  bf  the  emission  of  gamma  rays  only,  bi 
the  latter  case,  since  gamma  rays  have  neither 
mass  nor  electrical  charge,  the  A  and  Z 
numbers  of  the  isotope  remain  unchanged  but 
the  energy  level  of  the  nucleus  is  reduced. 

An  important  property  of  any  radioactive 
isotope  is  the  time  involved  in  radioactive 
decay.  To  understand  the  time  element,  it  is 
necessary  to  understand  the  concept  of  half- 
life.  Half-life  may  be  defined  as  the  time 
requhred  for  one-half  of  any  given  number 
of  radioactive  atoms  to  disintegrate,  thus  re- 
ducing the  radiation  intensity  of  that  particular 
isotope  by  one-half.  Half  lives  may  vary  from 
microseconds  to  billions  of  years.  At  times 
an  isotope  may  be  said  to  be  ''short-lived" 
or  "long-lived",  depending  upm  its  peculiar 
radio-active  half -life.  Some  half-lives  of  typical 
elements  are: 


92U238  ^  4  5j  ^  jq9  ygj^3 
ggU^^^   =  7.13  X  108  years 


f 

XT, 


88 


Ra226  „  1620  years 


53 


e  6.7  hours 


84 


Po214  -  10-6  seconds 
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As  stated  previously,  naturally  radioactive 
Isotopes  decayl^the  emission  of  alpha  particles, 
beta  particles,  gamma  rays,  or  a  combination 
thereof.  In  the  case  of  Induced  nuclear  reactions 
there  are  many  other  phenomena  which  may 
occur,  including  fission  and  the  emission  of 
neutrons,  jposltrons,  nutrlons,  and  other  forms 
of  energy* 

CONSERVATION  OF  MASS- 
AND  ENERGY 

The  conservation  of  energy  Is  discusided  in 
chigpter  8  of  this  text.  It  now  becomes  necessary 
to  consider  mass  and  energy  as  two  pliases  of  the 
same  principle.  Jn  so  doing,  the  law  of  conserva- 
tion becomes: 

(mass  •«>  energy)  before  = 
(mass  •«>  energy)  after. 

Fundamental  to  the  above  and  to  the  entire 
subject  of  nuclear  power  Is  Einstein's  mass- 
energy  equation  where  the  following  relation 
hdlds: 

E  «mc^ 

where 

E  =  energy  In  ergs, 
Mb  mass  In  grams, 

C  «  v^oclty  of  lls^  (3  X  10^^  cm/sec) 

Mass  and  energy  are  not  conserved  separa- 
tely but  can  be  converted  Into  each  other. 

Several  units  and  converslcm  fkctors  which 
have  become  conventional  to  the  field  of  nuclear 
engineering  are  listed  bdow. 


1  ev  (electron-volt  >  the  energy  acqMired  by 
an  electron  as  It  moves 
through  a  potential  dif- 
ference of  1  volt 

1  Mev  (million  electron* 

volts)  « lO^ev 

«1.52  X  10-l6Btu 


For  detailed  Information  on  nuclear  partioles,  refer 
to  Samuel  Glaaatone,  Souroebook  on  Atomio  Energy 
(2d  ed.;  Prinoetom  D.  Van  Noatrand  company,  Inc., 
1968). 


1  amu  (atomic  mass  unit -1/16  of  an  oxy- 
gen atom  (by  d^- 
Inltlon) 

1  amu  =  1.49  x  10*^  erg 
=  1.66  X  10-24gin 
»  031  Mev  4« 
» 1.416x10"^^  Btu 

NUCLEAR  ENERGY  SOURCE 

ft  was  previously  stated  that  the  atomic 
mass  number  is  the  total  number  of  nudeons 
within  the  nucleus,  ft  can  also  be  said  that 
the  atomic  mass  number  is  the  nearest  Integer 
(as  found  by  e3q;>eriment)  to  the  actual  mass  of 
an  isotope.  In  nuclear  equations,  the  entire 
mass  must  be  accounted  for;  therefore  the  actual 
mass  must  be  considered. 

The  atomic  mass  of  any  isotope  is  somewhat 
less  than  indicated  by  the  sum  of  the  individual 
masses  of  the  protons,  neutrons,  and  orbital 
dectrons  which  are  the  components  of  that 
isotope.  This  difference  Is  termed  mass  defect: 
It  Is  equivalent  to  the  binding  energy  of  the 
nucleus.  BlmUng  energy  may  be  defined  as  the 
amount  of  energy  which  was  released  when  a 
nucleus  was  formed  from  Its  coiq;K>nent  parts. 

The  binding  energy  of  any  isotope  may  be 
found^  jui  In  the  following  example  of  copper 
(20^  )  which  contains  34  neutrons,  20  pro- 
tras,  and  20  electrons.  Using  the  values  given 
hi  figure  24-2  we  find: 

34  X  1.00804  «  34.30406  amu 

20  X  1.00785  »  20.21082  amu 

20  x  0.00055  a  0.01508  amu 

Total  of  component  masses  »  63.54073  amu 

Less  actual  mass  of  atom  «  62.0208  amu 

Blass  defect  »  0.61003  amu 

Converting  to  energy,  we  find: 

031  Mev/amu  x  0.61003  amu  »  568.77583 
M^v,  or  560.8      63  «  8.0  Mev/nudeon 

The  relationship  between  mass  number  and 
the  average  binding  energy  per  nudeon  is 
shown  In  figure  24-5. 

Since  binding  energy  was  released  when  a 
nucleus  was  formed  from  Its  component  parts. 
It  is  necessary  to  add  energy  to  separate  a 
nucleus.  In  the  fissioning  of  uranium  235,  the 
additional  energy  is  mqRplled  by  bombarding  the 
fissionable  fuel  with  neiitrons.  The  fissionable 
material  absorbs  a  neutron  and  Is  converted 
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Figure  25-5.— Relationship  between  atomic  nuuui  number  and 
average  binding  energy  per  nucleon. 
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into  the  compound  nucleus  o(  uranium-2S6| 
^ich  fissions  instantaneously. 

There  are  more  than  40  different  ways  a 
uranium-2S5  nuctel  may  fission,  restflthig  in 
more  than  80  diiferent  fission  products.^  For 
the  purposiB  of  this  discussion^  let  us  consider 
the  most  probable  flsciion  of  a  uranium-2S5 
nucleus/  hi  slightly  more  than  6  percent  of 
the  fissionSi  the  uranium-235  nucleus  will  split 


hito  fragments  liaving  mass  numbers  of  95  and 
189.  The  following  equation  Is  typical: 


For  a  detailed  disousslon  on  niiolear  fis8ion»  reflsr 
to  Samuel  Qlasstone,  Souroebook  on  Atomic  Energy 
(2d  ed.;  Princeton:  D.  Van  Noatrand  Con^umy,  IdoT* 
1958). 


where  the  daug^er  productSi  yttrium  and  Iodine, 
are  toh  radioactive  and  decay  through  beta 
emission  to  the  stable  isotopes  of  mdybdeniun 
(42Mo^^)  andlanthanum(57La^S9),  respectively. 

One  method  of  determinhig  the  energy  re- 
leased from  the  above  reaction  is  to  fbui  the 
difference  in  atomic  mass  units  of  the  dau^iter 
products  and  the  original  nucleus.  Vt  is  also 
necessary  that  we  account  tor  the  neutron  used 
to  bombwd  the  uranium-285  atom  and  the  two 
neutrons  liberated  in  the  fission  process,  bi 
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the  investigation  of  energy  released  in  this 
reaction  w*e  find: 

Mass  of  uranium-235  atom  =  235. 0439 
Mass  of  neutron  =     l.  00894 

Original  mass  =  236. 05284  amu 

Mass  of  molybdenum-95 

atom  =  94. 9058 

Mass  of  lanthanum- 139 

atom  =  138. 9061 

Mass  of  2  neutrons  =    2. 01788 

Total  mass  of  fission 

fragments  »  235. 82978 

Mass  defect  =  236.05284  -  235. 82978  = 
0.22306  amu/fission 

Hence, 

0.22306  amu/fission  x  931  Mev/amu 
207.7  Mev/fission 

Thus  we  find  that  from  each  fission  ap- 
proximately 200  Mev  of  energy  is  released, 
most  of  which  (about  80  percent)  appears 
immediately  as  kinetic  energy  of  the  fission 
fragments.  As  the  fission  fragments  slow  down, 
they  c6Uide  with  other  atoms  and  molecules; 
this  results  in  a  transfer  of  velocity  to  the 
surrounding  particles.  The  increased  molecular 
motion  is  manifested  as  sensible  heat.  The  re- 
maining energy  is  realized  from  the  decay  of 
fission  fragments  by  beta  particle  and  gamma 
ray  emission,  kinetic  energy  offission  neutrons, 
and  instantaneous  gamma  ray  energy. 

In  a  nuclear  reactor,  the  two  neutrons 
liberated  in  the  above  reaction  are  available, 
under  certain  conditions,  to  fission  other  ura- 
nium atoms  and  assist  in  maintaining  the  re- 
actor critical,  A  nuclear  reactor  is  said  to  be 
critical  if  the  neutron  flux  remains  constant. 
Neutron  flux  is  defined  as  the  number  of 
neutrons  passing  through  untt  area  in  unit 
time.  A  neutron  flux  of  10^^^  neutrons  per 
square  centimeter  per  second  is  not  uncommon. 
H  the  neutron  flux  is  decreasing,  the  reactor 
is  said  to  be  subcritical;  conversely,  a  reactor 
is  siqpercritical  if  the  neutron  flux  is  increasing. 

NEUTRON  REACTIONS 

Neutrons  may  be  classified  by  their  energy 
levels.  A  tBSi  neutron  has  an  energy  level  of 
8i*eater  than  0.1  Mev,  an  intermediate  neutron 
in  the  process  of  slowing^down  possesses  an 
energy  level  between  1  ev  and  0.1  Mev,  a 
thermal  neutron  is  in  thermal  equUibrium  with 


its  surroundings  and  has  an  energy  level  of 
less  than  1  ev. 

Neutrons  lose  their  khietic  energy  by  inter- 
acting with  atoms  hi  the  surrounding  area. 
The  probability  of  a  neutron  interacthig  with 
one  atom  is  dependent  upon  the  target  area 
presented  by  that  atom  for  a  neutron  reaction. 
This  target  area  (which  is  the  probability  of  a 
neutron  reaction  occurrhi^  is  called  cross 
section.  The  unit  of  cross  section  measure- 
ment is  barns.  The  size  of  a  barn  is  10"^ 
square  centimeters.  Four  of  the  different  cross 
sections  that  an  element  may  have  for  neutron 
processes  are  as  follows: 

Scattertag  cross  section -is  a  measure  of  the 
prooaouity  of  an  elastic  (billiard  ball)  ccdlison 
with  a  neutron.  In  this  type  of  collision  part  of 
the  kinetic  energy  of  the  neutron  is  imparted  to 
the  atom  and  the  neutron  rebounds  after  col- 
lision. Neutrons  are  thermalized  (reduced  to  an 
energy  level  below  1  ev)  by  elastic  collisions. 

S^^^  cross  section  is  a  measure  of  the 
prociabUity  or  tfte  neutron  being  captured  with- 
out causing  fission. 

Fission  cross  section  is  a  measure  of  the 
probabUity  of  fission  of  the  atom  after  neutron 
capture. 

Ahsoiytion  cross  section  is  a  measure  of  the 
probabUity  mat  an  atom  will  absorb  a  neutron. 
The  absorption  cross  section  is  the  sum  of  the 
capture  cress  sectioA  and  the  fission  cross 
section. 

The  cross  section  for  any  given  element 
may  vary  with  the  energy  level  of  the  ap- 
proaching neutron.  In  the  case  of  uranium-2S5, 
the  absorption  cross  section  for  a  thermal 
neutron  is  100  times  the  cross  section  for  a 
fast  neutron. 

REACTOR  PRINCIPLES 

A  nuclear  reactor  must  contain  a  critical 
Sass*  A  critical  mass  contahis  sufficient  fis- 
sionable material  to  enable  the  reactor  to 
maintain  a  self-sustahiingchahi reaction, there- 
by keepbig  the  reactor  critical.  A  critical 
mass  is  dependent  npon  the  species  of  fis- 
sionable material,  its  ccmcentratlon  and  purity 
the  geometry  and  size  of  the  reactor,  and  the 
matter  surrounding  the  fissionable  material.^ 


For  a  thorou^  disousBion  of  the  aspects  of  reaotor 
design,  see  Samuel  Qlasstone,  Souroebook  on  Atomio 
Ensxjr  (2d  ed.;  Prhiceton:  D.  Van  ^Nostr and  Company » 
Inc.,  1958). 
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REACTOR  FUELS 

The  form  and  conqposltlon  of  a  reactor 
fuel  may  vary  both  In  design  and  in  the  fis- 
sionable isotope  used.  Many  commercial  power 
reactors  use  a  solid  fuel  element  fabricated 
in  plate  form,  with  the  fissionable  material  being 
enriched  uranium  in  combination  with  aluminum, 
zirconium,  or  stainless  steeL  Fuel  elements 
may  be  arranged  In  thin  sandwich  layers,  as 
shown  in  figure  24-6.  This  constructionprovides 
a  relatively  large  heat  transfer  area  between 
the  fuel  elements  and  the  reactor  cocflant. 

The  outer  cladding  on  the  fuel  elements 
confines  the  fission  fragments  within  the  fUel 
elements  and  serves  as  a  heat  transfer  surface. 
Cladding  materials  should  be  resistant  to  cor- 
roslon,  should  be  able  to  withstand  high  temper- 
atures, and  should  have  a  small  cross  section 
for  neutron  capture.  Three  common  cladding 
materials  are  aluminum,  zircmium,  and  stain- 
less steel.  The  fuel  elements  may  be  assembled 
in  groups,  some  of  /^ich  may  contain  control 
rods.  Several  gtoaps  of  fuel  elements  jAaced 
within  a  reactor  vessel  make  up  the  reactor 
core.  It  is  not  necessary  that  all  fuel  groups 
within  the  reactor  contain  control  rods. 

CONTROL  RODS 

Control  rods  serve  a  dual  purpose  In  a 
reactor.  They  keep  the  neutron  density  (neutron 
flux)  constant  within  a  critical  reactor  and  they 
provide  a  means  of  shutting  down  the  reactor. 

The  material  for  a  control  rod  must  have 
a  hig^  ciqiture  cross  section  for  neutrons  and 
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Figure  24-6.-tPWR  fUel  element. 


147.156 


a  low  fissicm  cross  section.  Three  materials 
suitable  for  control  rod  fabrication  are  cadmiumi 
boron,  and  hafnium.  Hafnium  is  particularly 
suitable  for  control  rods  because  it  has  a 
relatively  hi^  capture  cross  section  and  be- 
cause several  daughter  products  after  neutron 
captive  are  stable  isotopes  which  also  have 
good  capture  cross  sections. 

The  control  rods  are  withdrawn  from  the 
reactor  core  untU  criticallty  is  obtained; there- 
after very  little  movement  is  required.  It  is 
important  to  note  at  this  point  that  after 
criticality  is  reached,  movement  of  control 
rods  does  not  control  the  power  output  of  the 
reactor;  it  controls  only  the  tenqperature  of 
the  reactor. 

Control  rod  drive  mechanisms  are  so  de- 
signed that,  should  an  emergency  shutdown  of 
the  reactor  be  required,  the  control  rods  may 
be  inserted  in  the  core  very  rapidly.  A  shut- 
down of  this  type  is  called  a  scram. 

MODERATORS 

A  moderator  is  the  material  used  tother- 
malize  the  neutrons  in  a  reactor.  As  pre- 
viously stated,  neutrons  are  thermalized  by 
elastic  collisions;  therefore,  a  good  moderator 
must  liave  a  hifgtk  scattering  cross  section  and 
a  low  absorption  cross  section  to  reduce  the 
cvpeed  of  a  neutron  in  a  small  number  of  col- 
lisions. Nuclei  whose  mass  is  close  to  that  of 
a  neutrcm  are  the  most  effective  in  slowing 
the  neutron;  therefore,  atoms  of  low  atomic 
weight  generally  make  the  best  moderators. 
Materials  which  have  been  used  as  moderators 
include  light  and  heavy  water,  graphite,  and 
beryllium. 

Ordinary  light  water  makes  a  good  moderator 
since  the  cost  is  low;  however  it  must  be 
firee  firom  impurities  which  may  capture  the 
neutrons  or  add  to  the  radiological  hasards. 

REACTOR  COOLANTS 

The  primary  purpose  of  a  reactor  coolant 
is  to  absorb  heat  from  the  reactor.  The  coolant 
may  be  either  a  gas  or  a  llqMld;  it  must  pos- 
sess good  heat  transfer  properties,  have  good 
thermal  properties,  be  noncorroslve  to  the 
system,  be  nonhaaardous  If  exposed  to  rcdlation, 
and  be  of  low  cost.  Coolants  which  have  been 
used  in  operatlraal  and  esqperlmental  reactors 
Indtide  light  and  heavy  water,  liquid  sodium,  and 
carbon  dioxide. 
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REFLECTORS 

In  a  reactor  of  finite  size,  the  leakage  of 
neutrons  from  the  core  becomes  somewhat  of 
a  problem.  To  minimize  the  leakagei  a  re- 
flector is  used  to  assist  in  keeping  the  neu- 
trons in  the  reactor.  The  use  of  a  reflector 
reduces  both  the  required  size  of  the  reactor 
and  the  radiaticni  hazards  of  escaping  neutrons. 
The  characteristics  required  for  a  reflector 
are  essentially  the  same  as  those  Required  for 
a  moderator. 

Since  ordinary  water  of  high  purity  is  suit- 
able for  moderators,  coolants,  and  reflectors, 
the  inference  is  that  it  could  serve  all  three 
functions  in  the  same  reactor.  This  is  indeed 
the  case  in  many  nuclear  reactors. 

SHIELDING 

The  shielding  of  a  nuclear  reftctor  serves 
the  dual  purpose  of  (1)  reducing  the  radiaUon 
80  that  it  will  not  interfere  with  the  necessary 
instrumentation^  and  (2)  protecting  operating 
personnel  from  radiation. 

The  typ<e  of  shielding  material  used  is 
dependent  vipcm  the  purpose  of  the  particular 
reactor  and  iqpon  the  nature  of  the  radioactive 
particles  being  attenuated  or  absorbed. 

The  shidding  against  alpha  particles  is 
a  relatively  simple  matter.  Since  an  alpha 
particle  has  a  positive  dectrical  charge  of  2, 
a  few  centimeters  of  air  is  all  that  is  required 
for  attenuation.  Any  light  material  such  as 
alumiimm  or  plastics  makes  a  suitable  shield 
for  beta  particles. 

Neutrons  and  gamma  rays  have  considerable 
penetrating  power;  therefore^  shidding  against 
them  is  mbre  difficult.  Since  neutrons  are  best 
attenuated  by  dastic  collisions,  any  hydrogenous 
material  such  as  polyethylene  or  water  is  suit- 
able as  a  neutron  shield.  Sometimes  polyethylene 
ivith  boron  is  used  for  neutron  shieldSi  as 
boron  has  a  high  neutrcm  capture  cross  section. 
Gamma  rays  are  best  attenuated  by  a  dense 
material  such  as  lead« 

NUCLEAR  REACTORS 

The  purpose  of  any  power  reactor  is  to 
provide  thermal  energy  which  can  be  con- 
verted to  useful  work.  Several  types  of  experi- 
mental and  operaticmal  reactors  have  been 
designed.  They  include  the  Pressurized  Water 
Reactor  (PWR),  the  Sodium  Cooled  Reactor, 
the  Esqperimental  BoUing  Water  Reactor,  the 


E:g>erimental  Breeder  Reactor,  and  the  Ex- 
perimental Gas  Cooled  Reactor. 

The  first  full-scale  nuclear-powered  central 
station  in  the  United  States  was  the  Pressurized 
Water  Reactor  (PWR)  at  Shippingport,  Pennsyl- 
vania. The  Shippintnport  PWR  is  a  thermal, 
heterogeneous  reactor  fueled  with  enriched 
uranium-235  "seed  assemblies''  arranged 
in  a  square  in  the  center  of  the  core,  surrounded 
by  ''blanket  assemblies''  of  uranium-238  fUel 
elements.  Figure  24-7  shows  a  cross-sectional 
view  of  the  P^^r.eactor  and  core.  This  type 
of  reactor  can  be  called  a  converter,  since  the 
uranium-238  is  converted  into  the  fissionable 
fuel  Q(  plutonium-239. 

A  schematic  diagram  of  PWR  and  its  as- 
sociated steam  plant  with  power  output  and 
flow  ratings  is  shown  in  figure  24-8.  The 
reactor  plant  consists  of  a  single  reactor 
with  four  main  coolant  loops;  the  plant  is 
capable  of  maintaining  fUll  power  on  three 
loops.  Each  coolant  locq;>  contains  a  steam 
generator,  a  pump,  and  associated  piping. 

High  purity  water  at  a  pressure  of  2000 
psia  serves  as  both  moderator  and  coolant 
for  the  plant.  At  full  power  the  inlet  water 
temperature  to  the  reactor  is  508'' F  and  the 
outlet  temperature  is  542''F. 

The  coolant  enters  the  bottom  of  the  reactor 
vessel  (fig.  24-9)  where  90  percent  of  the  water 


147  157X 

Figure  24-7.«-Cross-sectional  view  of 
PWR  reactor  and  core. 
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Figure  24-8.«->Schematic  diagram  of  PWR  plant. 


flows  upward  between  the  fuel  plateSi  with 
the  remainder  bypassing  the  core  In  order  to 
cool  the  walls  of  the  reactor  vessel  and  the 
thermal  sbt^d.  After  having  absorbed  heat  as 
it  goes  through  the  core,  the  water  leaves  the 
top  of  the  reactor  vessel  through  the  ouUet 
nozzles  and  flows  through  connecthig  piping  to 
the  steam  generator. 

The  steam  generator  is  a  shell-and-tube 
type  of  heat  exchanger  with  the  primary  coolant 
(reactor  cocflant)  flowing  through^e  tubes  and 
the  secondary  water  (boiler  water)  surrounding 
the  tubes.  Heat  is  transferred  to  the  secondary 
water  in  the  steam  generator,  producing  hig^ 


quality  saturated  steam  for  the  use  in  the 
turbines. 

The  primary  coolant  flows  from  the  steam 
generator  to  a  hermetically  sealed  (canned 
rotor)  pump  (fig.  24-10)  and  is  pumped  through 
connecting  piping  to  the  bottom  of  the  reactor 
vessel  to  complete  the  primary  coolant  cycle. 

The  pressure  on  the  reactor  vessel  and  the 
main  coolant  loop  is  maintained  by  a  pres- 
surizing tank  (fig.  24-11)  which  operates  under 
the  saturation  conditions  of  636^  Fand2000psta. 
A  second  function  of  the  pressurizing  tank  is  to 
act  as  a  surge  tank  for  the  primary  system. 
Under  no  load  conditions  the  Inileti  outlet,  and 
average  temperatures  <A  the  reactor  coolant 
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147.159X  147.160X 
Figure  24-9.— Longitudinal  section  of  Figure-24-10.— PWR  main  co<dant  ^amp. 

PWR  reactor.  (A)  External  view.  (B)  Cutaway  view. 
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are  nearly  equal  in  value.  As  the  power  in- 
creases, the  average  temperature  remains 
constant  but  the  inlet  and  outlet  temperatures 
diverge*  Since  the  colder  leg  of  the  primary 
coolant  is  the  longer,  the  net  effect  in  the 
pressurizer  is  a  decrease  In  level  to  make 
up  for  the  increase  in  density  of  the  water  In 
the  primary  loop.  The  reverse  holds  true  with 
a  decreasing  power  level.  Electrical  heaters 
and  a  spray  valve  with  a  supply  of  water  from 
the  cold  leg  of  the  primary  coolant  assist  In 
maintaining  a  steam  blanket  in  the  upper  part 
of  the  pressurizer  and  also  assist  in  main- 
taining saturation  conditions  of  2000  psia  and 
636*  F. 

PRINCIPLES  OF  REACTOR  CONTROL 

Reactor  control  principles''  which  are  of 
particular  interest  to  this  discussion  include 
the  negative  temperature  coelficientt  the  de- 
layed  neutron  action,  and  the  poisoning  of  fuel. 

The  term  "negative  temperature  coefficient" 
is  used  to  esqpress  the  relationship  between 
temperature  and  reactivity— as  the  temperature 
decreases,  the  reactivity  increases.  The  nega- 
tive temperature  coefficient  is  a  design  re- 
quirement and  is  achieved  by  the  proper  ratio 
of  elements  in  the  reactor,  the  geometry  of  the 
reactor,  and  ttie  physical  size  of  the  reactor. 
The  negative  temperature  coefficient  makes  it 
possible  to  keep  a  power  reactor  critical  with 
minimum  movement  of  the  control  rods. 

The  concept  of  negative  temperature  coef- 
ficient may  be  most  easily  understood  by  use 
of  an  example.  Assume  that,  in  the  PWR  plant 
shown  in  figure  24-8,  the  reactor  is  critical 
and  the  machinery  is  operating  at  a  given 
power  level.  Now,  if  the  valve  is  opened  to 
Increase  the  turbine  speed,  the  rate  of  steam 
flow,  and  the  power  level  of  the  reactor,  the 
measurable  effect  with  installed  instrumenta- 
tion is  a  decrease  in  the  temperature  of  ttie 
primary  coolant  leaving  the  steam  generator. 
The  decrease  in  temperature  is  small  but 
significant  in  that  it  results  In  an  increase  in 
density  of  the  coolant.  As  the  density  of  the 


coolant  Increases,  so  does  the  magnitude  of  the 
neutron  scattering  cross  section.  The  higher 
value  of  the  scattering  cross  section  allows  the 
coolant,  in  its  capacity  as  moderator,  to  therma- 
lize  neutrons  at  faster  rate,  supplying  more 
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Figure  24-ll.-Cutaway  view  of  PWR 
pressurizing  tank. 
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thermal  neutrons  to  be  absorbed  In  the  fueL 
As  more  neutrons  are  absorbed  In  the  fuel, 
more  fissions  occur,  resulting  In  a  higher 
power  level  and  more  heat  being  generated 
by  the  reactor.  The  additional  heat  Is  re- 
moved by  the  reactor  coolant  to  the  secondary 
water  In  the  steam  generator  to  compensate  for 
the  Increased  steam  demand  by  the  turbine.  The 
temperature  of  the  primary  coolant  leaving  the 
steam  generator  Increases  slightly,  lowering 
the  scattering  cross  section  of  the  moderator, 
and  the  reactor  settles  out  at  a  higher  power 
level. 

The  delayed  neutron  action.  Is  a  phenomenon 
that  simplifies  reactor  control  considerably. 
Each  fission  In  a  nuclear  reactor  releases  on 
the  average  between  two  and  three  neutrons 
vAilch  either  leak  out  of  the  reactor  or  are 
absorbed  In  reactor  materials.  Jt  the  reactor 
material  which  absorbs  the  neutron  happens  to 
be  the  fissionable  fuel,  and  If  the  neutron  Is  of 
proper  energy  level,  another  fission  Is  likely 
to  result.  The  majority  of  the  neutrons  re- 
leased In  the  fission  process  appear  Instan- 
taneously and  are  termed  prompt  neutrons:  but 
other  neutrons  are  bom  after  fission  and  are 
termed  delayed  neutrons.  The  delayed  neutrons 
appear  In  a  time  rangie  of  seconds  to  3  or  more 
minutes  after  the  fission  takes  place.  The 
weighted  mean  lifetime  of  the  delayed  neutrons 
Is  approximately  12  seconds.  About  0.75  per- 
cent of  the  neutrons  produced  In  the  fission 
process  are  delayed  neutrons. 

Should  a  reacfor  become  prompt  critical 
(critical  on  prompt  neutrons),  It  would  be  very 
difficult  to  contrbl  and  any  delayed  neutrons 
would  tend  to  make  It  supercritical.  The  delayed 
neutrons  have  the  effect  of  Increasing  the 
reactor  period  sufficiently  to  permit  reactor 
control.  Reactor  period  Is  the  time  required 
to  change  the  power  level  by  a  factor  of  e 
(the  base  of  the  system  of  natural  logarlthmsIT 

A  nuclear  poison  Is  material  In  the  reactor 
that  has  a  high  absorption  cross  section  for 
neutrons.  Some  pplsons  are  classed  as  burnable 
poisons  and  are  placed  In  the  reactor  for  the 
purpose  of  extending  the  core  life;  oth^r  poisons 
are  generated  in  the  fission  process  and  have  a 
tendency  to  be  a  hindrance  to  reactor  operatton. 

.  A  burnable  poison  has  a  relatively  high  cross 
section  for  neutron  absorption  but  Is  used  up  In 
the  early  part  of  the  core  life.  By  adding  a 
burnable  poison  to  the  reactor,  more  fuel  can  be 
loaded  Into  the  core,  thus  extending  the  life  of 
the  core. 


Most  of  the  fission  products  produced  In 
a  reactor  have  a  small  absorption  cross  sec- 
tion. The  most  Important  one  that  does  have  a 
high  absorption  cross  section  for  neutrons  Is 
xenon- 135;  this  cari  become  a  problem  near 
the  end  of  core  life.  Xenon-13S  Is  a  direct 
fission  product  a  small  percentage  of  the 
time  but  Is  mostly  produced  In  the  decay  of 
Iodine- 135  as  Indicated  In  the  following  de- 
cay chain: 

ggl^^^   6.7hrs  54Xe"^   9. 2  hrs 

ggCs"^   2.0x10^  yrSggBa^^^ 

Xenon-135  has  a  high  neutron  absorption 
cross  section.  In  normal  operation  of  the 
reactor,  xenon-13S  absorbs  a  neutron  and  Is 
transformed  to  the  stable  Isotope  of  xenon- 136, 
i^lch  presents  no  poison  problem  to  the  re- 
actor. Equilibrium  xenon  Is  reached  after  about 
40  hours  of  steady-state  operation.  At  this 
point  the  same  amount  of  xenon-135  Is  being 
'burned'^  by  neutron  absorption  as  Is  being 
produced  by  the  fission  process. 

The  second,  and  perhaps  the  more  serious, 
effect  of  xenon  poisoning  occurs  near  the  end 
of  core  life.  As  indicated  by  the  half-lives 
shown  in  the  xenon  decay  chain,  xenon- 135  is 
produced  at  a  faster  rate  than  it  decays.  The 
buildup  of  xenon- 135  in  the  reactor  reaches  a 
maximum  about  11  hours  after  shutdown.  Should 
a  scram,  occur  near  the  end  of  core  life,  the 
xenon  buildup  may  make  it  impossible  to  take 
the  reactor  critical  until  the  xenon  has  de- 
cayed off.  In  a  situation  of  this  type,  the  re- 
actor may  have  to  sit  idle  for  as  much  as 
two  days  before  it  is  capable  of  overriding 
the  poison  buildup. 

THE  NAVAL  NUCLEAR  POWER  PLANT 

Since  many  aspects  of  the  design  arid 
operation  of  naval  nuclear  propulsion  plants 
involve  classified  Information,  the  information 
presented  here  is  necessarily  brief  and  general 
in  nature. 

In  a  nuclear  power  plant  designed  for  ship 
propulsion,  weight  and  space  limitations  and 
other  factors  must  be  taken  into  consideration 
in  addition  to  the  factors  involved  in  the  design 
of  a  shore-based  power  plant. 

The  thermodynamic  cycle  of  the  shipboard 
nuclear  propulsion  plant  is  similar  to  that  of 
the  conventional  steam  turbine  propulsion  plant. 
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Instead  of  a  boiler,  however,  the  nuclear  pro- 
pulsion plant  utilizes  a  pressurized  water  re- 
actor as  the  heat  source  and  a  steam  generator 
as  a  heat  exchanger  to  generate  the  steam  used 
to  drive  the  propulsion  turbines. 

The  steam  generator  is  a  heat  exchanger  in 
which  the  primary  coolant  transfers  heat  to  the 
secondary  system  (boiler  water)  by  conduction. 
The  water  in  the  secondary  side  of  the  steam 
generator,  being  at  lower  pressure,  changes 
from  the  physical  state  at  water  to  the  physical 
state  of  steam.  This  steam  then  flow  through 
piping  to  the  engineroom. 

The  engineroom  equipment  consists  of  pro- 
pulsion turbinesi  turbogeneratorSi  condense  rs, 
and  associated  auxiliaries. 

PROBLEMS  OF  NUCLEAR  POWER 

Although  many  developmental  and  engineer- 
ing problems  associated  with  nuclear  power 
have  been  solved  to  someextent,  some  problems 
remain.  A  few  problems  that  are  of  particular 


Importance  in  connection  with  the  shipboard 
nuclear  power  plant  are  noted  here  briefly. 

The  remote  possibility  of  radiological 
hazards  exists  even  though  the  radiation  is  well 
contained  In  the  shipboard  nuclear  reactor.  To 
eliminate  or  minimize  the  radiological  hazards, 
a  high  degree  of  quality  control  Is  essential  in 
the  design,  construction^  andoperation  of  nuclear 
power  plants.  The  high  pressures  and  temper- 
atures used  In  nuclear  reactors,  together  with 
the  prolonged  periods  of  continuous  operation, 
pose  materials  problems.  For  shipboard  use, 
the  great  weight  of  the  materials  required  for 
shielding  presents  stUl  other  problems. 

Althouc^  many  oi  these  problems  may  be 
solved  by  further  technological  developmentSi 
the  problems  Involved  In  the  selection  and 
training  of  personnel  for  nuclear  ships  appear 
to  be  continuing  ones«  The  safe  and  efficient 
operation  of  a  shipboard  nuclear  plant  requires 
highly  skllledi  responsible  personnel  ynho  have 
been  thoroughly  trained  ii^  both  the  academic  and 
the  practical  appects  of  nudear  propulsion.  The 
selection  and  training  d  such  personnel  is  in- 
evitably costly  in  terms  of  time  and  motiey. 
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CHAPTER  25 

NEW  DEVELOPMENTS  IN  NAVAL  ENGINEERING 


New  developments  in  naval  engineering  tend 
to  be  closely  related  to  concepts  of  strategy.  In 
some  instances,  new  concepts  of  strategy  may 
force  the  development  of  new  engineering  equip* 
ment  to  meet  specific  needs;  in  other  instances, 
the  development  of  a  new  source  of  power,  a 
new  engine,  a  new  hull  form,  or  a  new  propulsive 
device  opens  up  new  strategic  possibilities.  In 
any  event,  engineering  capability  is  a  major 
limiting  factor  in  strategic  planning,  since  it 
determines  vAiat  is  possible  and  whsA  is  not 
possible  in  the  way  of  ship  operation. 

In  previous  chapters  of  this  text,  we  have 
been  concerned  with  naval  engineering  equip* 
ment  currently  installed  in  naval  ships.  But  it 
would  be  unreasonable  to  assume  that  present 
achievements,  impressive  though  they  may  be, 
are  the  last  word  in  naval  engineering.  Practi- 
cally everything  in  the  Navy-policies,  proce* 
dures,  publications,  systems,  and  equipment^ is 
subject  to  rapid  change  and  development,  and 
naval  engineering  is  certainly  no  exception.  The 
rate  of  diange  in  technological  areas  is  increas* 
ing  all  the  time.  The  officer  ^o  is  Just  beginning 
his  naval  career  may  well,  in  the  course  of  a 
few  years^  see  more  changes  in  naval  engineer* 
ing  than  liave  been  seen  in  the  past  half  century 
or  more.  And,  difficult  though  it  may  be,  every 
naval  officer  has  a  responsibility  for  keeping  up 
with  new  dev^opments. 

Because  of  the  increasingly  rapid  rate  of 
technological  development,  it  is  no  mean  feat  to 
Iceep  abreast  of  changes  in  engineering  equip* 
ment.  In  order  to  keep  up  with  new  developments 
in  naval  engineering,  it  is  necessary  to  read 
widely  in  the  literature  of  the  field  and  to  develop 
a  special  kind  of  alertness  for  information  that 
may  ultimately  have  an  eftectonnaval  engineer* 
ing. 

In  the  present  chapter,  we  will  depart  from 
our  previous  frameworkof  thehere*and*nowand 
mention  briefly  a  few  areas  urtiich,  at  present, 


appear  to  offer  some  promise  for  future  appli* 
cation  in  the  field  of  naval  engineering.  With  a 
few  exceptions,  the  areas  noted  in  this  chapter 
are  ones  in  ^ich  some  actual  work  has  been 
done  or  in  which  some  serious  thought  has  been 
given  to  naval  engineering  applications.  It  should 
be  emphasized  thatthis  chapter  is  neither  a  com* 
plete  survey  of  new  developments  nor  a  crystal* 
ball  type  reading  of  thefuture.Someofthe  areas 
mentioned  here  may  turn  out  to  have  little  or  no 
application  to  naval  engineering,  ^ile  areas  that 
are  not  even  mentioned  may  suddenly  come  into 
prominence  and  importance. 

HULL  FORMS 

Many  new  developments  in  naval  engineering 
have  been  aimed,  directly  or  indirectly,  at  in* 
creasing  the  speed  of  ships.  Oneapproach  to  this 
problem  is  to  increase  the  size  or  change  the 
nature  of  the  propulsion  machinery-a  solution 
which,  for  various  reasons,  is  not  alwaysfeasi* 
ble.  Even  when  larger  or  better  propulsion  ma* 
chinery  is  feasible,  it  is  not  always  atotal  solu* 
tion  to  the  problem  of  increased  speed,  since  at 
least  some  of  the  increased  power  thus  provided 
is  needed  to  overcome  the  increased  resistance 
of  the  ship  at  the  resulting  higher  speed.  In  the 
continuing  search  for  ways  to  achieve  higher 
operating  speeds,  therefore,  a  considerable 
amount  of  thought  has  been  given  to  new  hull 
forms  which  will  reduce  the  resistance  of  the 
ship  as  it  moves  through  the  water. 

A  surface  ship  moving  through  the  water  is 
impeded  by  various  resistances,^  chiefly  the 
frictional  resistance  of  the  water  and  theresis* 
tance  that  results  from  the  generation  of  wave 
trains  by  the  ship  itself.  Overcoming  each  of 


Fundamentals  of  ship  resistance  are  dlsouBsed  in 
cluqiter  5  of  this  text. 
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these  resistances  requires  the  expenditure  of 
definite^  calculable  amounts  of  energy;  hence 
each  kind  of  resistance  must  be  considered  in 
connection  with  efforts  to  increase  the  speed  of 
surface  ships. 

Among  the  interesting  hull  forms  that  have 
been  developed  (or  at  least  considered)  with  a 
view  to  increasing  surface  ship  speed  by  de- 
creasing one  or  both  of  these  resistances  are  the 
bulbous-bow  form,  the  slender  hull  form,  the 
semi- submarine  form,  the  hsrdrofoily  and  the 
various  forms  devised  to  utilize  an  air  cushion 
or  an  air  bubble.  Bach  of  these  forms  has  speci- 
fic advantages  and  disadvantages;  the  search  is 
not  for  one  perfect  hull  form  but  rather  for  a 
variety  of  hull  forms  suitable  for  a  variety  of 
functions. 

Bulbous-Bow  Forms 

The  bulbous-bow  configuration  is  currently 
used  on  most  large  naval  8hlps.2  The  theory  of 
the  bulbous-bow  form  is  that  the  bulb  will  gen- 
erate its  own  system  of  waves  which  will  inter- 
fere with  the  systems  of  waves  formed  by  the 
ship,  thus  reducing  the  resistance  that  results 
from  the  wave-making  of  the  ship. 

Although  the  bulbous-bow  configuration  is  not 
so  very  new  either  in  theory  or  in  application, 
the  concept  of  using  much  larger  bulbs  is  a  fairly 
recent  development.  In  theory,  the  wave-making 
resistance  of  a  ship  could  be  substantially  re- 
duced by  locating  a  large  bulb  ]ustbelowthe  sur- 
face and  Just  forward  of  the  bow.  In  reality,  there 
Are  enormous  design  difficulties  Involved,  since 
the  bulb  must  be  specifically  designed  to  inter- 
fere with  complex  wave  trains  generated  by  the 
ship. 

Some  idea  of  the  complexity  of  the  problem 
may  be  obtained  tossing  pebbles  into  a  pond 
and  observing  the  waves  tiiat  are  formed.  When 
two  pebbles  are  tossed  in  together,  each  pebble 
generates  its  own  systems  of  waves.  Under  some 
conditions,  the  systems  of  waves  tend  to  cancel 
each  other  out;  under  other  conditions,  they  tend 
to  enhance  or  amplify  each  other;  and  under  still 
other  conditions,  they  interfere  with  each  other 
in  a  chaotic,  unpredictable  manner  which  is  es- 
sentially useless  as  far  as  achieving  any  cancel- 
lation of  waves  is  concerned. 


See  the  disouasion  of 
chapter  2  of  this  text. 


stem  and  bow  structure  in 


In  spite  of  design  difficulties,  the  use  of  large 
bulbs  is  of  value  in  the  design  of  certain  types  of 
ships.  Tests  of  models  have  shown  that  a  ship 
with  a  large  bulb  at  the  bow  generates  smaller 
and  smoother  systems  of  waves  than  a  ship  with- 
out such  abulb.  However,  this  gain  is  not  all  free, 
since  the  bulb  adds  frlctlonal  resistance  to  the 
ship. 

Slender  Ships 

A  slender  hull  ship  is  basically  similar  to  a 
destroyer  except  that,  for  any  given  displace- 
ment, the  slender  ship  is  about  30  percent  longer 
than  the  destroyer.  The  extra  length  is  designed 
to  increase  speedby  decreasing  the  wave-making 
resistance  of  the  ship.  A  slender  ship  has  less 
static  stability  than  a  comparable  destroyer,  due 
to  the  narrower  beam  in  relation  to  lengtti.  Also, 
the  structural  weight  of  the  slender  ship  must  be 
considerably  greater  than  the  structural  weight 
of  a  comparable  destroyer. 

Some  slender  ships  have  been  designed  utiliz- 
ing a  large  bulb  at  the  bow  and  another  one  at  the 
stem.  Such  ships  are  of  interest  because  they 
have  Improved  longitudinal  stability  charac- 
teristics as  well  as  decreased  wave- making  re- 
sistance. 

Semi-Submarine 

The  semi-submarine  is  still  another  ap- 
proach to  the  problem  of  Increasing  speed  by 
using  a  special  hull  form.  The  semi- submarine 
is  shaped  somewhat  like  a  very  streamlined  sub- 
marine. The  main  htill  of  the  semi-subniarine 
runs  submerged,  while  surface-piercing  struc- 
tures or  fins  (hydrofoils)  at  the  stem  Increase 
the  dynamic  stability  characteristics  of  the  ves- 
sel and  provide  a  means  for  handling  engine  air 
Intake  and  exhaust.  Because  the  semi- submarine 
runs  submerged,  except  for  the  fins  (hydrofoils), 
the  craft  avoids  both  storm  waves  and  the  self- 
generated  wave-making  resistance  of  surface 
ships. 

Hydrofoils 

The  hydrofoil  has  been  described  as  a  cross 
between  a  high  speed  boat  and  an  airplane.  The 
craft  has  two  modes  of  operation;  It  may  run  on 
the  surface  of  the  water,  as  a  conventional  sur- 
face ship,  or  it  may  fly  on  the  foils  with  the  hull 
clear  of  the  water.  When  flying,  the  hydrofoil  is 
siqpported  clear  of  the  water  by  the  dynamic  lift 
of  the  foils. 
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The  primary  advantages  of  the  hydrotollform 
are  high  speed  and  superior  seakeeplng  abilities. 
The  high  speed  Is  attainable  because  the  resis- 
tances encountered  by  other  ship  forms  are  sub- 
stantially reduced  in  the  hydrofoil.  When  the  hy- 
drofoil is  flying,  the  hull  Is  entirety  above  the 
surfkce  of  the  water  and  is  therefore  hot  impeded 
by  frlctlonal  resistance  or  wave-making  resis- 
tance and  is  not  disturbed  by  waves,  swells,  or 
choppy  surfaces  that  slow  down  other  craft. 

At  present,  the  hydrofoil  form  is  not  con- 
sidered feasible  for  very  large  vessels.  How- 
ever, the  future  development  of  propulsion  plants 
with  smaller  specific  welghtsS  could  well  extend 
the  tonnage  range  of  the  hydrofoil  form.  In  fact, 
a  ''hydrofoil  destroyer'' has  even  been  proposed. 

Several  types  of  hydrofoil  systems  have  been 
developed.  The  Navy  hydrofoil  program  has  con- 
centrated largely  on  fully  submerged  subsurface 
wings  or  foils.  Control  surfaces  on  the  fully  sub- 
merged foils  act  like  aircraft  ailerons  and  con- 
trol the  course  of  the  craft  through  the  water; 
the  foils  are  controlled  by  a  height-sensing  sys- 
tem which  maintains  level  flight  b  another  type 
of  control  (incidence  control)  the  entire  foil  is 
moved  instead  of  flaps.  Other  hydrofoil  systems 
include  skids  or  other  planing  devices  and  sur- 
face-piercing foils.  Surfitce-plercing  foils  have 
a  lifting  area  that  is  proportional  to  the  amount 
of  foil  immersed. 

A  number  of  hull  forms  have  been  used  for 
hydrofoils,  but  most  of  them  are  basically  adap- 
tations of  conventional  hull  forms.  The  hull  is 
relatively  long  and  narrow,  with  the  length  of  the 
craft  being  eight  to  ten  times  the  beam.  It  has 
been  suggested  that  the  catamaran^  design  may 
liave  certain  specific  advantages  for  hydrofoils; 
however,  this  type  of  design  is  not  currently  used 
in  Navy  hydrofoils  »C6pt  on  an  eq)erimental 
basis. 

Although  a  wide  variety  of  power  plants  have 
been  considered  for  hydrofoil  craft,  the  gas  tur- 
bine and  the  diesel  engine  are  the  types  primarily 
installed  in  these  craft  at  present.  Some  hydro- 
foils are  equipped  with  both  gas  turbines  and 
diesel  engines. 


^Tha  specific  wei^  of  a  propulsion  plant  is  the 
number  of  pounds  of  propulsion  maohinery  required 
per  shaft  horsepower. 

*Tbe  oatamaran  or  twin-hull  design  oonalsts  of  two 
slender  hulls  which  are  Joined  together  above  the 
waterline. 


A  major  problem  in  the  development  of  hydro- 
foils has  centered  around  the  transmission  of  ] 
power.  When  an  underwater  propeller  is  used,  j 
power  must  be  transmitted  downward  from  the  ^ 
prime  mover  in  the  hull  to  the  propeller,  which  { 
is  at  a  deeper  level.  Various  solutions  to  this 
problem  have  been  tried.  One  solution  is  to  use  1 
an  inclined  shaft  and  an  inclined  prime  mover 
which  drives  into  a  V-gear.  Another  solution  is  I 
to  use  double  right-angled  gearing.  To  date,  no  I 
solution  lias  been  found  that  is  entirely  satlstac-  >] 
tory.  \ 

Propellers  have  also  been  a  continuing  pro- 
blem with  hydrofoils.  The  cavitation  encountered  i 
at  high  speeds  has  led  to  numerous  propeller 
failures.  One  solution  to  this  problem  is  thesu- 
percavltating  (SC)  propeller  discussed  later  in  | 
tills  chapter.  Because  of  the  propeller  problem,  | 
other  propulsion  devices  such  as  airscrews  and  | 
airjet  or  waterjet  propulsion  systems  havebeen  ] 
considered  for  use  with  hydrofoils.  ( 

The  Navy's  first  operational  hydrofoil,  USS  | 
High  Point.  PCH  1,  is  shown  in  figures  25-1  and  [ 
z5-2.  In  flight,  this  hydrofoil  reaches  speeds  of  i 
more  than  45  knots. 

Hydroskimmers 

The  hydroskimmer  belongs  to  the  general 
category  of  craft  designed  to  ride  on  a  bubble  or 
a  cushion  of  air.  Vehicles  and  craft  in  this  cate- 
gory are  called  ground  effect  machines  (GEM), 
air  cushion  vehicles  (ACV),  or  surface  effect 
shtps.  In  general,  any  OEM  that  is  designed  to 
operate  over  water  is  called  a  hydroskimmer. 

The  hydroskimmer  has  been  referred  to  as  a  . 
^'flying  washtub,''5  and  the  comparison  is  apt.  j 
The  basic  principles  of  the  hydroskimmer  (and,  | 
indeed,  of  all  ground  effect  machines)  maybe  \ 
grasped  by  considering  an  inverted  washtub with  | 
a  fan  mounted  inside  the  tub.  When  the  fan  is  | 
turned  on,  the  tub  begins  to  rise  off  the  ground  I 
as  soon  as  the  air  pressure  inside  the  tub  be-  | 
comes  sufficiently  great.!  This,  in  essence,  is  ; 
the  principle  of  the  hydroskimmer. 

In  a  real  hydroskimmer  or  other  GEM,  the  air  ; 
escapes  uniformly  around  the  bottom  edges  of  the  I 
craft,  thus  providing  a  cushion  of  air  which  lifts  \ 
the  craft  evenly  above  the  ground  or  the  water. 
The  air  cushion  is  developed  and  maintained  in  , 
various  ways,  dependfaig  upon  the  basic  design  of  \ 
the  vAlcle. 


5Erwin  A.  Sharp.  JOC.  USN,  **Sailing  on  a  Bubble  of 
Air.''  AUHanda.  Deoember  I960,  pp.  8-11. 
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Figure  25-l.-HydrofoU  (USS  High  Point.  PCH  1) 
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Jn  the  plentim^chamber  type, 

unoei 


 air  is  forced 

down  from  the  top  of  one  chamber  and  allowed  to 
escape  around  the  edges  at  the  bottom. 

In  ttie  air-curtate  type,  the  interior  Is  divided 
Into  sections,  with  open  air  ducts  between  the 
sections.  Air  is  forced  down  through  the  ducts  to 
form  a  Ugh  pressure  air  cushion  for  the  craft  to 
ride  upon*  Air  ]ets,  pointing  downward  and  in- 
wardy  are  installed  around  the  periphery  of  the 
craft;  the  air  from  these  ]ets  holds  the  air  bubble 
in  place*  fa  some  air-curtain  designs,  the  air 
lets  are  used  only  at  the  front  and  the  rear.  Side 
walls  (called  skegs)  are  used  to  enclose  the  air 
bubble  at  the  sides. 

In  the  ^ter^>curtato  type,  a  scoop  and  a  water 
pump  are  used  to  form  water  ]ets  (Instead  of  air 
lets)  around  the  periphery  of  the  craft.  The  water 
Jets  are  even  more  efficient  than  the  air  ]ets  In 
keeping  the  air  cushion  under  the  craft*  Ob- 
viously, the  water-curtain  design  is  suitableonly 
for  craft  operiating  over  water. 

The  air  cushion  gets  the  hydroskhnmer  Into 
the  air,  but  it  does  not  provide  it  with  any  means 
of  horlaontal  propulsion.  Both  airscrews  and 
water  screwslM.vebeentrled;eachtypehas8ome 
advantages,  with  ttie  choice  depending  upon  the 
nature  of  the  vdilde  and  the  service  conditions* 


The  hydrosklmmer,  although  still  experi- 
mental at  this  stage,  gives  promise  of  being  a 
very  fast  and  effective  craft  for  a  variety  of  uses. 
Speeds  of  80tol20knotsarecon8ideredfeasible. 
The  hydrosklmmer  is  being  considered  for  such 
uses  asASWcraft,  patrol  craft,  high  speed  trans- 
port, amphibious  assault,  minecountermeasures 
craft,  and  rescue  craft.  The  Navy's  25-ton  re- 
search hydrosklmmer,  SKBHR-l,  is  shown  In 
figure  25-3.  This  vessel  was  bulltwlththe  speci- 
fic atan  of  providing  more  knowledge  on  the  pre- 
ferred shapes,  prcqpulsion*machinery,  and  pro- 
pulsive devices  for  this  type  of  craft.  The  air 
cushion  system  for  SKMR-1  is  shown  In  figure 
25-4* 

PROPULSION  AND  STEERING 

For  more  than  a  hundred  years,  the  under- 
water screw  propeller  has  been  the  conventional 
device  for  ship  propulsion.  Although  the  screw 
propeller  is  In  no  danger  of  being  replaced  within 
the  foreseeable  future,  the  increasing  emphasis 
on  high  speed  ships  has  led  to  an  Increasing  con- 
cern wlthothert]^e8of  propulsion  devices.  Some 
of  the  propulsion  devices  presently  under  de- 
vetopment  or  consideration  are  mentioned  here. 
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Figure  25-2.^Uydr(tfoiI  in  flight. 
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The  supercavltatlng (SC)  propeller  isa recent 
development  that  may  have  ^Articular  application 
to  hydrofoils  and  other  high  speed  ships.  The 
supercavitatlng  propeller  is  Intended  for  use  at 
high  forward  speeds  and  high  rpm,  with  a  re- 
latively shallow  depth  of  submergence.  It  is  de- 
signed to  operate  under  conditions  of  full  cavi- 
tation^  although  it  may  encounter  conditions  of 
partial  cavitation  when  operating  at  less  than 
designed  forward  speed  and  rpm.  Under  condi- 
tions of  partial  cavitation,  the  supercavitatlng 
propeller  may  be  subject  to  cavitation  erosion 
similar  to  that  encountered  on  conventional  pro- 
pellers. 


A  supercavltatlng  propeller  is  designed  to 
operate  with  the  suction  side  (back)  of  the  blades 
enclosed  In  avapor  cavity.  Because  of  the  special 
design  of  the  blades,  this  vapor  cavity  collapses 
far  enough  downstream  from  the  propeller  blades 
to  prevent  any  cavitation  effects  on  the  face  of  the 
blades.  In  essence,  the  basic  llneof  reasoning  be- 
hind the  design  of  thie  supercavltatlng  propeller 
is  not  to  do  away  with  or  prevent  cavitation  but 
rather  to  accept  it  as  Inevitable  at  high  speeds 
and  to  control  it.  The  supercavitatlng  propeller 
controls  cavitation  bymaldng  sure  thatthe  cavity 
collapse  occurs  in  an  area  in  which  it  can  do  re- 
latively little  damage. 
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Figure  25-3*— Navy  research  hydro- 
skimmer  (SKMR-1). 

Another  approach  to  the  problem  of  cavitation 
and  the  resulting  reduction  In  thrust  is  the  use  of 
propeller  nozzles  and  shroudSt  Nozzles  and 
snrouas  reshape  the  flow  of  water  to  the  propel- 
ler in  such  a  ivay  as  to  delay  cavitation  by  in- 
creasing and  ''containing''  the  pressure  around 
the  propeller*  A  similar  reshaping  of  the  water 
flo^  may  be  obtained  by  the  use  of  hydraulic  jets. 

One  /'new''  propulsion  device  is  actually  quite 
old;  although  it  has  not  recently  had  any  major 
application  for  ship  propulsion,  it  has  been  used 
on  some  torpedoes*  This  is  the  contra- rotating 
propeller,  which  consists  of  two  screws  turning 
in  opposite  directions.  The  advantage  of  the  con- 
tra-rotating propeller  design  is  that  the  after 
propeller  Is  able  to  utUize  some  of  the  energy 
from  the  wake  of  the  forward  prcqpeller,  thus 
leading  to  hif^er  efficiencies  than  are  obtain- 
able with  a  sln^e  screw  prppeller.  The  con- 
tra-rdtathig  prcypeller  also  otters  possible 
weight  savings  and  efficiency  improvements  in 
the  propulsion  machinery. 

One  variationofthe  contra- rotating  propeller 
installation  is  called  a  tandem  propeller  instal- 
lation. In  this  ar^angementi  one  propeller  is  in- 
stalled near  the  bowandtheothernearthe  stern. 
The  propellerbladesare mounted onabladeringi 
with  the  blades  projecting  out  through  the  hull* 
The  pitch  of  the  contra- rotating  propeller  blades 


can  be  varied  in  such  a  way  as  to  provide  com- 
plete maneuverability y  as  well  as  propulsion; 
hence  this  device  is  actually  a  combination  of  a 
propulsion  device  and  a  steering  device.  Although 
originally  proposed  for  small  submersible  craft, 
it  is  possible  that  this  type  of  installation  may 
have  application  for  larger  ships  in  the  future. 

A  number  of  other  devices  have  been  sug- 
gested which  combine  the  functions  of  propulsion 
and  steering.  Among  these  are  the  steering 
screw,  ixAich  consists  of  a  propeller  mounteo  on 
a  vertical  shaft.  The  shaft  can  be  rotated  through 
360^  in  order  to  propel  the  vessel  in  any  desired 
direction.  Other  devices  which  combinethe  func- 
tions of  propulsion  and  steering  to  some  extent 
are  screw  propellers  arranged  as  bow  thrust ers 
or  as  stem  thrusters.  In  each  case,  the  screw 
propeller  is  mounted  on  a  horizontal  shaft.  The 
propeller  is  located  within  atube  which  runs  ath-, 
wartship  through  the  bow  or  the  stem.  The  pro- 
pellers can  be  reversed  to  provide  thrust  in 
either  athwarthship  direction.  The  tubes  can  be 
arranged  to  be  closed  off  vAien  not  in  use. 

Airscrew  propulsion  for  ships  has  been  under 
investigation  for  the  past  few  years.  The  primary 
advantage  of  the  airscrew  is  ttiat  it  provides  very 
great  maneuverablltiy,  particularly  at  low 
speeds.  In  a  Navy  test  of  airscrew  propulsion  on 
the  liberty  ship  John  L.SuUlvan  (YAG87).  it  was 
found  that  maneuverability  at  low  speeds  was 
better  with  the  airscrews  than  with  conventional 
propulsion  and  steering.  When  approaching  piers 
or  mooring  buoys,  the  sh^)  was  able  to  maneuver 
without  the  assistance  of  a  tug  because  the  air- 
screws provided  the  capability  for  applying  pro- 
pulsive force  in  any  direction* 

The  disadvantage  ct  airscrew  propulsion  for 
ships  is  that  enormous  airscrews  would  be  re- 
quired to  propel  evenamedium^sizedshipatany 
great  speed.  For  certain  types  of  craft,  however, 
it  is  possible  that  some  combination  of  water 
screw  and  airscrew  propulsion  may  befeasible. 

Although  none  of  the  combined  devices  thus 
far  developed  have  solved  all  propulsion  and 
steering  problems,  there  is  much  to  recommend 
the  combination  approach.  Propulsion  and  steer- 
ing are  very  closely  related;  a  truly  effective 
propulsion  and  maneuvering  combination  should 
result  in  greater  simplicity  and  greater  effi- 
ciency than  is  obtainable  with  two  separate  de- 
vices* 

Wateriet  propulsion  for  ships  was  tried  out 
many  years  ago  but  abandoned  becauseof  its  re- 
latively low  efficiency.  However,  the  Navy  has 
recently  been  investigating  the  possibility  of 
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using  the  waterjet  as  a  prime  mover  In  small 
craft  such  as  the  one  shown  in  figure  25*5. 

The  general  principle  of  waterjet  propulsion 
is  illustrated  in  figure  25-6  .The  "prime  mover'' 
consists  merely  of  a  water  pump.  The  rotating 
impellers  deliver  thrust  by  accelerating  a  large 
volume  of  water  at  ahlgh  velocity  through  a  noz- 
zle. 

The  velocity  of  flow  through  the  nozzle  is  di- 
rectly proportional  to  the  flow  rate  and  Inversely 
proportional  to  the  volume  of  flow  times  theve- 
locity  of  flow. 

One  of  the  outstanding  advantages  of  the 
water]et  mode  of  propulsion  is  that  &e  waterjet 
produces  much  less  underwater  noise  than  a 
conventional  propeller-driven  craft  oif  the  same 
size  and  general  cohfiguration.  Preliminary 
studies  of  ttie  waterjet  indicate  that  a  comparable 
conventional  propeller-driven  craft  couldbede- 
tected  approximately  ten  times  farther  away  than 
thewateiiet. 

Quite  a  different  system  of  jet  propulsion  has 
bewidUggestM  asapossibilityforthe  propulsion 
of  und^iitfater  vdiibles.  This  propulsioii  system 
(figi  26-7)  is  generally  known  as  an  underwater 
ramjet  system.  The  fuel  in  the  combustion 


chamber  reacts  with  the  water;  hence  the  water 
that  enters  the  combustion  chamber  may  be  re- 
garded as  a  co-propeUant.  The  products  of  the 
reaction  are  expanded  through  a  nozzle  at  the 
after  end  of  the  craft,  thus  propelling  the  craft 
forward.  Although  a  propulsion  system  of  this 
sort  wouldhave  many  advantagesfor  short-range 
operation,  there  are  some  disadvantages;  one 
present  disadvantage  is  that  the  system  is  ex-  : 
tremely  noisy.  Also,  it  is  very  inefficient  except ! 
at  very  high  speeds  (above  80  knots).  | 
/'  ■         ■  ' 

DIRECT  ENERGY  CONVERSION  | 

I 

The  production  of  power  for  ship  propulsion  | 
begins  with  the  conversion  of 'some  stored  form  ! 
of  energy.  In  all  present  propulsion  plants,  the  > 
stored  energy  ttiat  is  the  original  source  of  power 
must  undergo  a  seriesof  transformationsbefore 
it  can  be  utilized  to  propel  the  ship.  We  have  two 
major  sources  of  irtored  energy:  fossU  fuel  and 
nuclear  fuel.  In  each<^settie  stored  energy  must 
be  converted  Into  thermal  energy  which  is  then 
converted  into  mechanical  energy.* 

During  the  past  few  years,  a  considerable 
amount  of  Interest  has  devdoped  concerning 
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Figure  26-6.— Small  craft  with  water  jet 
propulsion. 

direct  energy  conversions  that  may  ultimately 
have  application  to  the  production  of  power  for 
ship  propulsion.  This  interest  arises  from  two 
major  considerations.  First,  the  Carnot  cycle6 
which  Is  the  thermodynamic  taBls  for  our  heat 
engines  Is  inherently  Inefficient,  wlt|i  the  the- 
oretical maximum  efficiency  of  the  cycle  being 

Tl  —  T2 


Tl 

limited  to  where  Tl  is  the  absolute  temperature 
at  which  heat  flows  from  the  source  to  the 
working  fluid  and  T2  is  the  absolute  temperature 
at  vrtiich  heat  is  rejected  to  the  receiver.  Since 
the  temperature  of  the  heat  receiver  (the  ocean) 
cannot  be  lowered,  the  only  way  to  Improve  the 
efficiency  of  an  actual  cycle  based  on  the  Carnot 
cycle  is  to  increase  the  temperature  of  Ti«  The 
past  few  years  have  seen  great  advances  in  the 
use  of  higher  Tj  temperatures  (e.g.,  boilers 
operating  at  higher  pressures  in  order  to  in- 
crease the  difference  between  Ti  and  T2)i  but 
materials  limitations  eventually  impose  a  bar- 
rier to  progress  In  this  direction. 

The  second  reason  for  current  interest  in 
novel  energy  conversions  is  that  the  actual  ship- 
board cycles  in  i^Aiich  stored  energy  is  converted 
to  thermal  energy  which  is  then  converted  to  work 


6Tho  Carnot  cycle  is  discussed  in  chapter  8  of  this 
text. 


require  a  great  deal  of  equipment  to  perform 
these  various  energy  conversions.  Beginning 
with  an  Inherently  inefficient  cycle  urtiich  cannot 
operate  unless  a  great  deal  of  heat  is  "wasted'' 
because  it  must  be  rejected  to  a  heat  receiver, 
we  mustaccept  even  greater  inefficiency  because 
of  the  mechanical  losses  and  miscellaneous  heat 
losses  that  inevitably  occur  throughout  the  plant. 

There  are  two  major  approaches  to  the  prob- 
lem of  direct  energy  conversion.  One  approach 
is  to  find  an  energy  conversion  which  is  not  based 
on  the  Carnot  cycle  and  is  therefore  not  limited 
by  the  requirement  that  some  heat  be  rejected 
to  a  low  temperature  heat  receiver.  The  other 
approach  is  to  utilize  a  "static''  heat  engine 
which  is  based  on  the  Carnot  cycle,  and  therefore 
subject  to  its  limitations,  but  which  has  no  mov- 
ing parts  and  therefore  no  mechanical  losses. 
The  fuel  cell  is  an  example  of  a  device  that  by- 
passes the  Carnot  cycle  to  make  a  direct  energy 
conversion.  Thermoelectric  converters,  ther- 
mionic converters,  and  magnetohydrodynamic 
generators  are  examples  of  static  heat  engines 
which,  although  operating  on  the  Carnot  cycle, 
come  very  much  closer  to  the  maximum  theore- 
tical efficiency  of  the  cycle  by  reducing  or  elimi- 
nating mechanical  losses. 

Fuel  Cells 

A  fuel  cell  is  a  battery-type  device  in  ^ich 
chemical  energy  is  converted  directly  into  elec- 
trical energy.  The  reaction  involves  a  free 
energy  release,  without  the  rejection  of  heattoa 
heat  sink;  hence  the  process  is  independent  of  the 
Carnot  cycle  andf  ree  of  Carnot  cycle  limitations. 

The  major  parts  of  a  fuel  cell  (fig.  26-8)  are 
an  anode,  a  cathode,  and  an  electrolyte.  The  fuel 
is  fed  continuously  to  the  anode,  whUethe  oxidant 
is  fed  continuously  to  the  cathode.  The  convei^sion 
from  chemical  energy  to  electrical  energy  oc- 
curs as  electrons,  released  at  the  anode,  flowto 
the  cathode* 

Several  types  of  fuel  cells  are  under  investi- 
gation and  development.  Some  operate  at  rela- 
tively low  pressures  and  temperatures,  others  at 
high  pressures  and  temperatures.  A  wide  variety 
of  fuels  have  been  considered  for  fuel  cells;  hy- 
drogen, various  hydrocarbons,  andmethanolap- 
pear  to  offer  particular  promise  for  manyappli- 
cations,  ^lle  a  sodium  amalgam  is  being 
considered  for  use  in  certain  small  fuel  cells. 
The  oxidants  most  commonly  used  are  air  and 
oxygen;  however,  peroxides,  chlorine,  and  other 
substances  have  also  been  tried.  Electrolytes 
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Figure  25-7.-Un(lerwater  ramjet  propulsion  system. 
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that  have  been  used  In  fuel  cells  include  potas- 
sium hydroxide,  ftised  salts,  and  liquid  salts. 

As  may  be  Inferred,  the  fuel  cell  is  simpli- 
city itself  in  basic  concept,  and  it  offers  the 
promise  of  enormously  greater  efficiencies  than 
can  ever  be  obtained  through  any  energy  conver- 
sion that  is  based  on  the  Camot  cycle.  However, 
there  are  many  problems  to  be  overcome  before 
the  fuel  cell  can  be  regarded  as  a  major  source 
of  power  for  applications  re<iuiring  large  power 
ou^ts. 

Thermoelectric  Converters 

A  thermoelectric  converter  is  a  device  for 
converting  heat  to  direct-current  electricity. 
The  general  arrangement  of  a  thermoelectric 
converter  is  illustrated  in  figure  25-9.  As  may 
be  seen,  the  converter  is  basically  a  thermo- 
couple device  in  which  an  emf  is  developed 
through  the  application  of  heat  to  dissimilar  ma- 
terials. 

Li  tb«  thermoelectric  converter,  one  (tf  the 
dissimilar  materials  is  of  the  type  known  as  an 
N  material  and  the  other  is  of  the  type  known  as 
a  p  material.  Asfar  as  electron  bdiavior  is  con- 
cemedi  N  and  P  materials  react  differently  \rtien 
heat  is  applied'to  one  end.  In  H  materials,  the 
application  of  heat  tends  to  make  negatively 
charged  free  electrons  move  toward  the  cold  end 


of  the  piece.  In  P  materials,  the  application  of 
heat  tends  to  produce  positive  charges  toward  the 
cold  end  of  the  piece.  When  heat  is  applied  to  the 
hot  junction  of  a  thermoelectric  converter  (as 
shown  in  fig.  25-9)  the  cold  end  of  the  N  material 
is  negative  and  the  cold  end  of  the  P.  material  is 
positive.  When  the  cold  ends  are  connected 
through  a  load,  the  electric  circuit  is  complete. 

The  efficiency  of  the  thermoelectric  con- 
verter is  limited  by  Camot  cycle  limitations. 
As  with  all  Camot  cycle  energy  conversions,  the 
efficiency  of  the  thermoelectric  converter  in- 
creases as  the  temperature  differential  in- 
creases. It  is  believed  that  the  maximum  attain- 
able efficiency  of  the  thermoelectric  converter 
may  be  on  the  order  of  25  to  30  percent,  although 
efficiencies  thus  far  achieved  are  not  nearly  so 
high. 

Thermionic  Converters 

Another  device  for  converting  heatto direct- 
current  electricity  is  the  thermionic  converter. 
hi  its  simplest  form,  the  thermionic  converter  is 
similar  to  a  vacuumtube,  consisting  of  two  metal 
electrodes  separated  by  a  space  under  vacuum. 
The  cathode  is  heated,  and  the  anode  is  main- 
tained at  a  lower  temperature.  When  the  cathode 
is  heatedf  electrons  are  thermally  agitated  and 
driven  from  the  cathode  to  the  anode.  Connecting 
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the  two  electrodea  to  a  load  establic*id8  a  circuit 
aad  allows  the  flow  of  electric  current. 

The  taermionic  converter,  like  the  ther- 
moelectric converter,  is  a  static  heat  e^v^ine  and 
is  limited  by  Camot  cycle  consideratiais.  It  is 
believed,  however,  that  higher  efficiencies  cm 
be  obtained  w^th  the  thermicric  convett^i:'  thun 
with  the  uermoele^.tric  converter.  Ont^  reason 
for  the  higher  e&Vi'^cjles  is  ttia^  the  thermionic 
converter  typically  operates  at  substantially 
higher  temperatures  (and  with  substantially 
greater  temperature  ditterentia!  s)  than  the  ther- 
moelectric.  converter.  Another  reason  for  the 
higher  efficiencies  is  tliat  very  little  thermal 
energy  is  lost  between  the  hot  and  cold  terminals 
because  of  the  vacuum  that  is  maintained  between 
the  cathode  and  the  anode. 

In  itself,  however,  the  use  of  a  vacuum  creates 
some  significant  problems  in  connection  with  the 
thermionic  converter.  As  electrons  pass  through 
a  space  under  vacuum,  there  is  a  tendency  for  a 
negative  ''space  charge"  to  be  built  up.  This 
space  charge  is  merely  a  cloud  of  electrons 
which,  after  escaping  the  cathode,  have  insuffi- 
cient energy  to  reach  ttie  anode.  As  the  negative 
space  charge  builds  up,  electron  flow  is  greatly 
diminished.  The  space  charge  effect  can  be  re- 
duced by  putting  the  electrodes  extremely  close 
together,  but  this  Is  difficult  to  do  except  in  very 
small  converters.  One  recent*^  i^roach  to  this 
problem  is  to  fill  the  space  with  positive  ions. 


thus  neutralizing  the  space  charge  effect  and  al- 
lowing the  unimpeded  flow  of  electrons.  Ther- 
mionic converters  in  which  the  space  between 
electrodes  is  filled  with  cesium  vApor  appear  to 
be  promising. 

Because  a  thermionic  converter  must  operate 
at  an  extremely  high  temperature  in  order  to  de- 
velop any  great  efficiency,  some  thought  has  been 
given  to  utilizing  the  decay  heat  of  radioactive 
isotopes  as  the  heat  source.  One  device  thathas 
been  successful  in  laboratory  tests  combines 
reactor  fuel  and  the  thermionic  converter  in  one 
tmit,  thus  in  effect  producing  a  '^thermlonlcfuel 
cell.''  It  is  also  believed  that  thermionic  con- 
version may  be  suitable  tot  rolar  energy  con- 
version for  use  in  space. 

Magnetohydrodynamic  Generators 

The  magnfttchydrodyngmic  generator 
is  still  another-  ^vice  for  converting  heat  to  di- 
rect-current electricity.  In  the  MHD  generator, 
the  conversion  is  accomplished  by  passing  a  high 
temperature  gaj^  through  a  magnetic  field.  Heat- 
ing the  gasto  a  very  high  temperature  ioMzes  the 
ga^r  an<2  makes  it  electrically  couc^^^ctive.  Passing 
thi  electrically  conductive  gas  ^U^vjugh  a  f  iX'>d 
issgnetic  field  indijcc^  «in  electrical  voltage  in 
accox^ce  vflth  l^'araday's  law. 
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Figure  25-9. -Thermoelectric  converter. 
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The  MHD  conversion  is  similar  to  the  ther- 
moelectric conversion  and  the  thermionic  con- 
version In  some  respects  but  quite  imlike  them 
in  others.  All  three  conversions  involve  the  di- 
rect conversion  of  thermal  energy  into  electrical 
energy,  without  the  intervening  step  of  conver- 
sion to  mechanical  energy;  in  this  sense,  all  three 
may  be  regarded  as  '^direct  energy  conver- 
sions/' But  the  MHD  C(xiversion,  unlike  the  ther- 
moelectric and  thermionic  conversions,  re- 
quires a  working  fluid^namely,  a  hot  ionized  gas. 
In  this  respect  then,  the  MHD  conversion  is 
somewhat  less  a  ''direct  energy  conversion'' 
than  the  other  two  processes. 

The  major  problems  in  connection  with  mag- 
netohydrodynamic  conversion  arise  from  the  fact 
that  extremely  high  temperatures  (in  excess  of 
4000  ^  F)  must  be  developed  in  order  to  produce 
ionization  of  the  gas.  Obvious  ,  such  high  tem- 
peratures pose  materials  problems.  Also,  it  is 
difficult  to  achieve  such  temperatures  on  the 
large  scale  desired  for  MHD  generators.  Nuclear 
reactors  capable  of  operating  at  these  ultra-high 
temperatures  are  under  development  but  are  not 
fuUy  operational.  When  chemical  fuels  such  as 
oil  or  powdered  coal  are  used,  the  desiredtem- 
peratures  can  be  obtained  only  if  combustion 
takes  place  with  almost  pure  oxygen  or  it  the 
combustion  air  is  preheated  to  approximately 
2000^  F. 

In  spite  ofthe  temperature  problem,  the  mag- 
netohydrodynamic  conversion  process  continues 
to  arouse  great  interest  among  scientists  and 
engineers.  It  should  be  noted,  in  fact,  that  the 
temperature  problem  is  only  one  side  of  the  coin. 
On  the  other  side,  the  use  of  such  high  tempera- 
tures leads  to  the  possibility  of  thermal  efficien- 
cies far  greater  than  any  that  are  even  theoreti- 
cally possible  with  conventional  heat  engines.  It 
has  been  estimated  that  overall  efficiencies  as 
high  as  50  to  60percentmaybe achieved  through 
MHD  conversion,  if  provision  ismadeforutUiz- 
ing  the  ''waste"  heat  of  the  MHD  process.  The 
advantage  of  utUizing  the  waste  heat  is  enormous, 
since  the  ionized  gas  is  at  a  temperature  of  2500^ 
to  SOOC  F  vrtien  it  is  discharged  from  the  gen- 
erator. 


COMBINED  POWER  PLANTS 

In  recent  years  there  has  been  a  great  deal 
of  interest  in  the  use  of  combined  power  plants 
for  ship  propulsion.  In  a  combined  power  plant, 
two  basicallydUferjentkindsof  primemoversare 


used  to  furnish  propulsive  power.  Each  type  of 
prime  mover  has  its  own  inherent  limitations,  as 
well  as  its  own  uniqueadvantages;  the  purpose  of 
combining  two  prime  movers  is  to  make  Ml  use 
of  the  special  advantages  of  each  and,  at  the  same 
time,  to  minimize  or  bypass  its  limitations. 

Combined  power  plants  are  of  particular  in- 
terest for  naval  ships  because  of  the  constant 
need  to  reconcile  conflicting  operational  re- 
quirements. On  the  one  hand,  a  naval  ship  must 
be  able  toqperate  at  high  speeds  when  necessary. 
On  the  other  hand,  the  ship  must  be  able  to  cruise 
economically  at  lower  speeds  for  extended  dis- 
tances andextendedperiodsoftime.'^Iftheprime 
mover  is  selected  specifically  for  high  speed 
operation,  there  is  normally  some  sacrifice  of 
cruising  radius.  If  the  prime  mover  is  selected 
specifically  for  economical  operation  at  cruising 
speeds,  there  is  normally  some  sacrifice  of 
speed  capability.  In  most  cases,  then,  the  selec- 
tion of  a  prime  mover  represents  a  compromise 
between  high  speed  capability  and  large  cruising 
radius.  8 

For  many  naval  applications,  it  appears  that 
conflicting  qpe  rational  requirements  can  be  re- 
conciled by  combining  a  base- load  plant  of  mod- 
erate weight  and  high  efficiency  with  a  booster 
plant  of  very  light  weight  and  lesser  efficiency. 
The  base- load  plant  is  selected  to  meet  cruising 
requirements,  and  should  be  able  to  go  many 
hours  between  overhauls.  The  booster  plant  will 
inevitably  require  overhauls  at  much  shorter  in- 
tervals but  is  capable  of  providing  additional 
power  for  high  speed  operation  when  necessary. 

A  combined  power  plant  for  ship  propulsion 
usually  consists  of  two  prime  movers  which  are 
mechanically  connected  by  gearing,  clutching,  or 
both.  In  some  combination  plants,  the  two  prime 
movers  have  interrelated  thermodynamic  cycles 
in  which  one  prime  mover  utilizes  waste  heat 
from  the  other.  In  other  combination  plants,  the 
thermod]^amic  cycles  of  the  two  prime  movers 
are  entirely  separate  and  independent. 

A  great  many  combinations  of  prime  movers 
are  possible,  though  not  all  combinations  are 
equally  feasible  or  desirable.  Also,  for  any  given 


7More  than  80  percent  of  the  total  operating  time  of 
naval  ships  is  at  speeds  requiring  less  than  a  third  of 
the  power  available  from  the  installed  plant. 
BThis  does  not  neoessarily  apply  to  nuolear  ships.  Ob« 
vioualy*  however*  the  use  of  nuolear  power  brings 
about  the  necessity  for  another  set  of  compromises. 
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combination  of  prime  movers,  various  arrange-* 
ments  are  possible.  Thethree  combination  plants 
which  at  present  appear  to  offer  great  advantages 
for  naval  ships  are  (1)  the  combined  steam  and 
gas  turbine  plant,  known  as  COSAG,  (2)  the  com- 
bined diesel  and  gas  turbine  plant,  known  as 
CQDAG,  and  (3)  the  combined  gas  turbine  andgas. 
turbine  plant,  toown  as  COGAG.  Other  combina- 
tions, including  some  that  utilize  nuclear  power, 
are  also  under  consideration. 

Combined  steam  and  gas  turbine  (COSAG) 
plants  have  been  installed  in  some  combatant 
ships  of  the  British  Navy  and  are  being  investiga- 
ted by  our  own  Navy.  Figure  25- 10  illustrates  the 
general  arrangement  of  one  COSAG  plant  in- 
stalled in  a  British  twin-screw  guided  missile 
destroyer;  there  are  two  such  plants,  each  serv- 
ing one  propeller.  Each  shaft  set  consists  of 
a  cross- compound  steam  turbine  of  15,000  shaft 
horsepower  plus  two  gas  turbines  of  7500  horse- 
power each.  All  prime  movers  drive  into  one 
gear  box. 
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Figure  25-10.— COSAG  plant  for  one  screw  of  a 
twin-screw  ship. 

A  slightly  different  arrangement  of  a  COSAG 
plant  is  shown. in  figure  25-11.  This  plant,  which 
is  installed  in.  a  British  single-screw  firigate, 
consists  of  a  single  casing  steam  turbine  of 
12,500  shaft  horsepower  and  one  gas  turbine  of 
7500  shaft  horsepower. 

In  both  of  the  COSAG  plants  illustratec^  the 
steam  turbine  installation  is  capable  of  propel- 
ling the  ship  at  approximately  85  percent  of  full 
power  ship's  speed,  in  the  eVent  of  complete 
failure  of  the  gas  turbine  unit,  ability  of  the 
gas  turbines  to  make  a  rapid  start  allows  the  ship 
to  get  underway  very  qulcUy  yrith  the  steam  iflant 
cold.  Maneuverability  (including  reversing)  with 
the  gas  turbine  is  achieved  by  fairly  complex 
gearing  and  clutching.  Each  gear  box  incorpo- 
rates a  reversing  sectionfor  the  gas  turbine;  two 
manual  clutches  for  the  gas  turbine,  one  for  the 
boost  drive  and  one  for  maneuvering;  a  manual 
clutch  for ^  the  steam  turbine;  synchronizing 


clutches  which  automatically  connect  the  gas  tur- 
bine drive  to  the  main  shaft;  and  two  hydraulic 
couplings  which  are  used  when  maneuvering  on 
the  gas  turbine.  With  this  arrangement,  the  steam 
turbines  or  gas  turbines  (or  both)  can  be  used  for 
propulsion,  and  maneuvering  can  be  accom- 
plished either  on  the  astern  steam  turbine  or  on 
the  gas  turbine  and  the  reversing  gears. 
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Figure  25-ll.r-COSAG  plant  for  one-screw  ship. 

Combined  diesel  and  gas  turbine  (COOAG) 
plants  utilize  diesels  for  the  base-load  plant  and 
gas  turbines  for  the  booster  plant.  The  use  of 
multiple  diesels  and  multiple  boost  gas  turbines 
means  that  the  loss  in  ship's  speed  will  be  very 
small  in  the  event  of  failure  of  any  one  or  even 
any  two  units.  The  ship  can  get  underway  very 
quickly  with  either  diesel  or  gas  turbine  power. 
The  efficiency  of  the  diesel  is  much  higher  than 
the  efficiency  of  a  steam  plant,  and  (for  small 
sizes  of  engines)  the  specific  weight  is  somevrtiat 
less.  Li  general,  COOAG  plants  appear  to  be  suit- 
able for  ships ^ichhave  moderate  requirements 
for  cruising  power. 

A  combined  gas  turbine  and  gas  turbine 
(COGAG)  plant  has  been  proposed.  Such  a  plant 
would  combine  a  long-life,  efficient,  moderate- 
weight  gas  turbine  for  the  base  load  and  a  light, 
aircraft-type  gas  turbine  for  the  booster  load. 
COGAG  plants  have  not  yet  been  tried  out  because 
^:tn  turbines  suitable  for  the  base  loads  are  still 
in  developmental  stages. 

CENTRAL  OPERATIONS  SYSTEM 

Advatnces  In  engineering  technology,  the  use  of 
solid  state  devices,  and  computer  circuitry  have 
made  possible  significant  automation  factors  in 
the  operation  of  the  naval  engineering  installa- 
tions. Much  of  this  automation  has  been  applied 
in  the  area  of  ship  controland  plant  surveillance. 
A  general  discussidn  is  presented  in  this  ctiapter 
on  a  portion  of  an  automated  engineering  plant 
considered  representative  of  those  currently 
being  employed  on  naval  vessels. 
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The  automated  engineering  plant  is  designed 
to  bring  together  in  one  location  all<rfthe  major 
control  functions  and  indications  previously  lo- 
cated throughout  the  engineering  spaces.  In  ad- 
dition»  major  advances  made  in  the  areas  of. 
t)oiler  control,  turbine  control,  and  plant  surveil- 
lance have  also  been  incorporated  in  the  control 
systems.  Control  systems  such  as  the  central 
operation  system  provide  for  direct  control  ci 
shaft  ^eed  and  direction  at  a  console  located  on 
the  bridge.  These  control  systems  are  located  in 
an  enclosed  Engineering  Operation  Station  (EOS)^' 
located  within  the  machinery  plant. 

The  Central  Operations  System  (COS),  shown 
in  figure  25-12,  as  found  in  naval  vessels,  pro- 
vides for  control  of  the  electrical  plant,  the  main 
turbine,  selected  auxiliary  equipment  and  sur- 
veillance of  the  entire  engineering  plant.  It  uti- 
lizes solid  state  components  in  the  analog  and  the 
digital  circuitry.  Analog  components  are  used  in 
the  throttle  control  systems  and  in  the  input  to  the 
plant  surveillance  equipment.  Throttle  control 
features  are  provided  by  standard  operational 
amplifiers  and  functional  generators  used  in  a 
closed  loop  system  which  maintains  qperation  at 
a  desired  point. 


Information  on  plant  conditions  is  provided  by 
digital,  demand  displays,  alarm  Indications,  in- 
dicating lights,  meters  and  the  printout  type- 
writers. This  is  handled  by  a  time  sharing  sys- 
tem made  up  ctf  logic  circuitry,  and  controlled  by 
a  synchronous  timing  generator. 

A  substantial  decrease  in  the  number  of  watch 
standers  required  to  operate  the  engineering  in- 
stallation can  be  achieved  through  the  use  of  a 
system  of  this  type.  The  bridge  throttle  control 
feature  provides  the  OOD  with  a  greater  feel  of 
the  ship  as  well  as  a  faster  response  to  desired 
ctianges. 

ENGINE  ROOM  CONSOLE 

The  engine  room  console  (fig.  25-13)  is  the 
heart  of  the  central  operations  system  (COS)  and 
is  divided  into  five  functional  sections,  gen- 
erators, propulsion,  boilers,  auxiliaries,  and 
data  logger.  The  desk  top  of  the  console  houses 
the  controls  and  devices  required  to  be  within  the 
operator's  reach.  The  vertical  surface  above  the 
desk  top  is  used  primarilyfor  instrument  display 
and  visual  indicators.  Solid  state  control  modules 
with  printed  drcut  elements  are  used  which  can 
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Figure  2S-12.-Central  operations  system  major  units. 
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Figure  2S-13.--E 

be  easily  removed  from  the  panels  by  unplugging. 
Temperatures,  pressures,  and  liquid  levels  are 
converted  to  electrical  signals  by  sensors  lo- 
cated at  various  points  throughout  the  system. 

Significant  readings  on  the  console  are 
displayed  on  flush  mounted  electric  meters. 
Other  readings  which  only  need  to  be  checked 
periodically  are  read  on  digital  meters  (called 
digital  demand  display  readouts).  The  console 
provides  monitoring  of  the  boilers  and  monitor- 
ing and  control  of  the  main  propulsion  plant,  tur- 
bogenerator sets,  main  condensate  pumps,  lube 
oil  piunps,  fire  pumps,  and  other  auxiliary  ma- 
chinery, thus,  enabling  the  engine  room  operator 
to  observe  all  important  operating  functions 
without  leaving  his  station.  At  any  time  a  plant 
status  record  may  be  made  with  the  data  logger. 

The  COS  continually  monitors  key  tempera- 
tures, pressures,  levels  and  motor  conditions. 
If  any  go  beyond  operating  limits,  the  system 
sounds  an  alarm  to  alert  the  operator  and  the 
alarm  logger  automatically  records  the  out  of 
limit  conditions.  An  alarm  log  review,  plant 
status  log  and  bell  log  printout  may  be  obtained 
at  any  time  by  pressing  a  push  button.  Selected 
points  also  have  Individual  alarm  lights.  A  bell 
logger  automatically  records  engine  order  tele- 
graph signals  and  responses,  propellor  r.p.m., 
throttle  control  location,  and  throttle  control 
wheel  position  together  with  time  and  date. 
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Generator  Section 

The  generator  section  of  the  engine  room 
console  (fig.  25-14)  provides  ccmbrol  and  mon- 
itoring <k  the  ship  service  generators.  Provi- 
sions are  included  which  enable  the  operator  to 
adjust  the  frequency  and  voltage  and  monitor  the 
output  of  each  generator;  ;nonitor  the  current  in 
the  shore  power  connection;  o;^en,  dose,  or  mon- 
itor the  position  of  generator  o.^*  bus  tie  circuit 
breakers  and  the  shore  power  c  trcuit  breaker; 
test  each  switch- board  bus  for  gi  ounds,  and  con- 
trol and  monitor  the  space  heate  rs  in  each  gen- 
erator. 

Propulsion  Section 

The  propulsion  section  of  the  engine  room 
console  (fig.  25- 15)  contains  the  throttle  controls 
and  transfer  switches,  engine  order  telegraph, 
shaft  revolution  indicator- transmitter,  and  the 
necessary  gages  and  indicators  for  monitoring 
the  operating  conditions  of  the  i«^^^n  turbines,  re- 
duction gears,  and  propeller  shaft. 

The  throttle  control  handwheel  controls  the 
position  of  pilot  valves  on  hydraulic  power  actua- 
tors. The  hydraulic  power  actuators,  in  turn, 
open  or  close  the  main  steam  valves  to  the  ahead 
and  astern  turbines,  thus,  controlling  the  speed 
and  direction  of  the  propellor  shaft.  An  alternate 
electrical  control  and  a  direct  mechanical  con- 
trol ct  the  throttle  are  also  provided.  Throttle 
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Figure  25-14.-Generator  Section. 
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control  may  also  be  shifted  to  the  bridge  control 
console,  but  may  be  reclaimed  bythe  engine  room 
personnel  at  any  time. 

Boiler  Sectlrr 

The  boiler  section  (fig.  25-16)  contains  the 
necessary  pressure,  temperature,  and  level  In- 
dicators and  alarms  for  monitoring  boiler  oper- 
ation. Also  mounted  is  an  underwater  log  speed 
indicator  and  a  sound-powered  telephone  liandset 
and  Jack.  Actual  boiler  control  is  accomplished 
by  a  Bailey  boiler  control  console  (not  shown). 

Auxiliaries  Section 

The  auxiliaries  section  (fig.  25-17)  provides 
for  remote  operation  (start  and  stop)  of  such 


equipment  as  fire  pumps,  condensate  and  circu- 
lating pumps,  and  ventilation  systems.  It  also 
monitors  nonvital  systems  such  as  potable  water, 
air  conditioning,  and  refrigeration.  This  section 
also  contains  three  digital  demand  meters.  These 
meters  will  display,  upon  demand,  any  one  or  Piiy 
three  simultaneously,  of  approximately  170  dlf- 
fermt  readings  relating  to  the  boilers,  fuel  and 
lube  oU,  main  condensers,  main  turbines,  ship 
service  generators,  and  auxiliary  machinery.  To 
obtain  a  reading,  the  operator  looks  up  the  num- 
ber (address)  of  the  function  he  wishes  to  read 
on  the  function  address  nameplate  located  on  the 
data  logger  section  and  turns  a  thumbwheel 
switch  beside  the  digital  demand  meter  to  this 
address.  The  meter  will  then  display  the  value 
of  the  function  selected.  The  same  function  may 
be  selected  and  read  on  all  three  meters  or  three 
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Figure  25-15.-*Propul8ion  Section. 
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different  functions  may  be  displayed  simulta- 
neously. 

Data  Logger  Section 

The  data  logger  section  (fig.  25-18)  consists 
of  plant  performance  data  logging,  alarm  scan- 
ning, and  bell  logging  equipments  The  plant  per- 
formance logging  equipment  can  be  set  up 


to  print  at  regular  time  intervals  and  on  demand, 
with  continuous  scanning  of  all  sensor  points.  Ab- 
normal conditions  are  printed  in  red  by  the  per- 
formance typewriter  (shown  on  the  left  in  fig. 
25-18).  The  bell  log  typewriter  (on the  right)  re- 
cords each  engine  order  telegraph  signal  along 
with  time  and  date,  location  of  throttte  control, 
throttte  control  wheel  position,  and  shaft  RPM  as 
stated  previously. 
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Figure  25-16.- 

BRIDGE  CONSOLE 

The  bridge  console  provides  remote  control 
ctf  the  throttle  as  stated  earlier.  The  throtUe  con- 
trol handwheel  and  other  necessary  equipment 
for  control  of  the  propulsion  plant  are  mounted  on 
the  left  section  of  the  console.  The  ship's  helm 
and  other  steering  and  navigation  equipment  are 
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oiler  Secticm. 

moimted  on  the  right  section  as  shown  in  figure 
25-19. 

SENSORS 

The  sensing  devices  used  with  the  automated 
controls  are  in  most  cases  improved  versions  of 
detectors  already  receiving  wide  usage  through- 
out the  fleet. 
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Figure  25-17.— Auxiliaries  Section. 

transmission  to  ttie  Engine  Room  Console.  Two 
of  the  maintypes  of  sensors  are  the  pressure-to- 
current  transmitter  and  the  pressure  switch 
types. 

The  pressure-to-current  transmitter  (fig. 
25-20)  converts  the  apjplied  pressure  to  a  direct 
current  proportional  to  the  applied  pressure. 
This  current  can  then  be  applied  to  a  meter  for 

645 


In  all  cases  the  manufacturer's  technical  man- 
uals used  with  the  systemgive  complete  installa- 
tion! operation,  and  maintenance  instructions. 

Pressure  Sensors 

Pressure  sensors  are  used  to  convert  plant 
pressure  to  an  electrical  signal  for  further 
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Figure  25-18.— Data  Logger  Section. 
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remote  indication.  The  meter  is  calibrated  In  the 
desired  scale  (PSI)«  These  meters  are  in  most 
applications  d.c.  microammeters. 

The  pressure  switch  type  transmitter  finds 
its  application  in  the  alarm  circuitry  on  the  En- 
gine RoomConsole.Hereiniatagivenhighor  low 
pressure,  electrical  contacts  within  the  switch 
housing  are  actuated  completing  or  breaking  a 
circuit  and  actuating  an  alarm. 


Level  Sensors 


Three  types  of  level  sensors  are  gen-  1 
erally  employed  throughout  the  system.  Since 
pressure  may  be  a  function  at  level  the  first 
two  devices  used  are  the  two  detectors  men- 
tioned under  pressure;  the  pressure- to- current 
for  indication  and  the  pressure  switch  for 
alarm. 
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Figure  25-19.* 

An  additional  level  switch  Is  employed  in 
bilges  and  unvented  tanks.  This  switch  is  similar 
in  operation  to  tliat  described  in  chapter  3  as  a 
float  switch. 

Temperature  Sensors 

Temperature  is  measured  by  means  of  re- 
sistance temperature  detectors  (RTD).TheRTD 
(fig.  25-21)  conslstsofasenshig  element  incased 
in  a  protective  tube.  Since  the  electrical  resist- 
ance of  the  element  changes  with  temperature 
changes,  the  temperature  can  be  determined  by 
measuring  the  resistance. 

For  temperatures  tiaving  a  maximum  of  600 
degrees  F.,  a  nickel  resistance  element  is  used. 
These  detectors  are  found  tobeof  the  stem- sen- 
sitive type,  where  the  sensing  element  is  located 
within  a  few  inches  ofthe8tem,orthe  tip-sensi- 
tive type,  where  the  sensing  element  is  within  the 
tip  of  the  detector  tube  which  must  be  pressed 
against  the  material  being  measured. 

Above  600  degrees  aplatinum  element  is  em- 
ployed in  the  stem- sensitive  element  type.  Cur- 
rently this  Istheonlyappllcatlonof  thlstype  ele- 
ment* 
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ridge  Console. 

In  most  applications  the  RTD  is  installed  in 
thermo  wells,  bored  and  threaded  to  receive  the 
detector.  By  the  use  of  this  method  the  unit  may 
be  removed  from  the  measured  component  or 
piping  without  disturbing  the  integrity  of  the  com- 
ponent. Extra  protection  is  also  afforded  to  the 
element  in  this  manner. 

DATA  SCANNER  SYSTEM 

Figure  25-22  is  a  block  diagram  of  the  Data 
Scanner  system.  The  inputs  from  the  sensing  de- 
vices are  placed  into  the  scanner  (block  27)  as 
analog  values.  The  scanner  is  an  electronic  se- 
lector governed  by  theSjmchronous  Timing  Gen- 
erator (22),  the  Program  Contact  (23)  and  the 
Point  Drive  (26).  When  there  are  no  reqMestsfor 
the  system  such  as  the  Bell  Log,  Alarm  Log, 
Status  Log,  or  Display  Triggers,  the  scanner 
continues  to  check  each  of  the  inputs.  If  there  is 
a  request  present,  the  scanner  will  go  directly  to 
the  address  requested  and  process  that'Ble^^ 
before  monitoring  all  of  the  addresses.  The 
signals  are  sent  to  the  Isolation  Amplifier  (28) 
from  the  seamier,  and  after  amplification  it  pass- 
es on  to  the  Analog/Digital  converter  (29).  The 
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(1)  Differential  Pressure-to-Current  Transmitter  ] 

(2)  Pressure-to-Current  Transmitter  j 

(3)  Float  Switch  ^ 

(4)  Differential  Pressure  Switch  ^ 

(5)  Pressure  Switch 
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Figure  25-20,— Pressure  and  Level  Sensors, 

After  the  information  leaves  the  A/D  con-  ; 
verter  it  is  sent  to  the  scaling  module  which  i 
scales  all  signals  into  a  zero  to  1000  scale.  This  '< 
information  is  in  the  form  ot  pulses  numbering 
from  zero  to  1000  according  to  the  value  of  the 
input  signal  to  the  A/D  converter.  The  addroas 
information  is  then  placed  in  the  necessary  reg-  [ 
isters  and  along  with  inputs  from  the  Real  Time  i 
Clock  (40)  and  Digital  bputs  (43)  and  made  ready  ' 
to  be  sent  to  the  log  Printout  Buffer  (37)  and  on 
to  the  Typewriter  Drive  (38)  for  printing. 


program  contact,  controlled  by  the  scanner,  sets 
up  the  comparison  values  for  the  signal  as  well 
as  any  adjustments  to  the  signal  required  during 
conversion  and  scaling. 

It  the  information  is  requested  mA/ot  the 
point  is  in  alarm,  the  A/D  converter  then  trans- 
fers the  values  via  the  Word  Distributor  (24)  to 
the  scaling  module.  It  neither  of  tho  previously 
mentioned  conditions  exist,  the  scanner  executes 
branch  back  and  picks  up  the  next  address  and 
repeats  the  process. 


648 


653 


Chapter  25.  -NEW  DEVELOPMENTS  IN  NAVAL  ENGINEERING 


® 


® 


® 


(1)  Stem  Sensitive  RTD 

(2)  Thermowell  with  Adapter 

(3)  Tip  Sensitive  RTD 

(4)  Thermowell  with  Holder 


Figure  25-21.«->Resi8tance  Temperature  Detectors. 


140.93 


Information  leaving  the  scaling  module  for 
display  issentdirectlyto the DigitalDisplay Buf- 
fers and  Readouts  (44)  and  appear  at  the  readout 
units  on  the  console  face. 

The  entire  operationfrompick-upof  the  input 
address  to  activation  of  the  printout  tmits 
requires  a  time  span  of  .0376  milliseconds.  The 
assembly  will  monitor  the  complete  baiUc  of  273 
Inputs  in  approximately  two  seconds  providing 
there  are  no  requests  or  alarms  conditions  pre- 
sented to  the  system,  during  that  time  period. 

THROTTLE  CONTROL 

Figure  25-23  is  a  block  diagram  of  the 
throttle  control  system.  A  reference  Input  signal 
may  be  taken  from  either  the  bridge  or  engine 
room  reference  handwheel  potentiometer  and  fed 
to  the  system.  Negative  voltages,  are  used  for 
ahead  speeds  and  poisttiy  e  JcuvjAStern.  The  signal 
then  passes  through  a  common  operational  am- 
plifier where  it  is  inverted  and  then  goes  to  the 
common  circuitforboththe  ahead  andastem  tur- 
bines. The  function  generators  will  accept  only 


a  signal  of  a  given  polarity.  The  ahead  function 
generator  accepts  positive  signals  and  the  astern 
function  generator  negative  signals.  The  signal 
to  the  function  generator  is  also  used  as  a  refer- 
ence 'signal  for  the  speed  feedback  system.  This 
circuit  compares  the  reference  and  speed  feed- 
back signals  and  uses  the  algebraic  sum  as  the 
Input  to  the  speed  error  amplifier. 

The  signal  to  the  ftmction  generator  is  ad- 
justed within  the  amplifier  so  that  the  output  is 
equivalent  to  the  cube  of  the  Input.  This  is  done 
to  change  the  linear  movement  of  the  reference 
to  the  non-linear  characteristics  of  the  throttle 
valve.  Inversion  once  again  takes  place  in  the 
function  generator. 

The  output  of  the  function  generator  is 
matched  with  the  speed  error  signal  and  the 
throttle  position  signal  at  the  summing  junction 
and  the  algebraic  sum  is  fed  to  the  summing  am- 
plifier. Inversion  takes  place  and  the  output  con- 
trols the  action  of  the  SCR  power  package. 

The  SCR  power  package  will  cause  the  pilot 
motor  to  drive  In  either  direction  depending  upon 
the  input.  A  positive  Input  will  cause  the  pilot 
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Figure  25-23.*-Block  diagram  of  throtfle  control  system. 


140.95 


motor  to  drive  In  a  direction  to  open  the  throttle 
valve.  A  negative  Input  wlU  dose  the  throtae 
valve.  The  SCR  power  package  will  be  Inhibited 
by  limit  switches  If  the  motor  travel  exceeds  a 
predetermined  point  of  travel.  . 

The  pilot  motor  positions  a  pilot  valve  in  the 
hydraulic  actuator  ^Aiich  ports  oil  In  the  proper 
direction  to  correctly  position  the  throtfle  valve. 

A  reference  signal  for  ttirottle  position,  which 
Is  controUed  by  thepflotmotor,  isfedback  to  the 
summing  junction.  This  sectton  ctti£els  the  input 
signal  whep  thednsii  dd  valve  opening  is  reached. 


During  direct  electrical  control  of  thethrot- 
tie,  the  contacts  In  the  throttle  locatton  switch 
change  the  circuitry  eliminating  the  regulated 
signal  and  setting  up  the  circuitry  for  signals 
froni  the  direct  throjttle  switches^ 

During  manual  operatton,  the  manual  clutch  is 
engaged  and  the  hydraulic  actuator  is  Inhibited.  In 
addition,  the  hydraulic  system  is  vented  to  pre- 
vent a  hydraulic  lock  and  permit  the  movement 
of  the  handwb^el  for  manual  throttle  control. 

A  tachometer  generator  on  the  shaft  produces 
an  output  signal  that  is  fed  back  as  the  speed 
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error  signal.  This  signal  produces  a  rapid  re«- 
sponse  from  the  system  when  the  engineering 
plant  is  in  the  maneuvering  mode.  Under  normal 
mode  of  plant  operation  the  speed  feedback  signal 
is  not  utilized. 

The  signals  for  astern  throttle  movement  are 
handled  in  the  same  manner  but  all  of  the  polari- 
ties are  reversed. 

In  the  near  future  we  m^y  see  a  substantial 
increase  in  the  automation  of  naval  propulsion 
machinery  and  auxiliarymachinery.  At  the  pres- 
ent time»  it  is  entirely  possible  to  design  a 
completely  automated  ship.  Although  complete 
automation  is  an  unlikely  goal  for  the  naval  ship, 
three  is  little  doubt  thatautomation will  increase 
to  some  extent  within  the  next  few  years. 

FUEL  CONVERSION  PROGRAM 

As  of  this  writing,  the  Department  of  Defense 
has  authorized  the  Navy  to  shift  to  an  all  dis- 
tillate marine  diesel  type  fuel  which  will  replace 
the  Navy  Specia!  Fuel  Oil  (NSFO)  now  in  use. 
The  shift  will  take  place  on  a  gradual  basis  over 
a  three  year  period.  This  conversion  will  ease 
the  principal  adverse  factors  associated  with  the 
use  of  Navy  Special  Fuel  Oil  such  as: 

1.  Fouling  of  firesides  of  boilers  by  permis- 
sible impurities  in  Navy  Special  Fuel  Oil,  prin- 
cipally sulphur,  ash,  and  carbon  residue. 

2.  Decrease  in  ship  readiness  associated 
principally  with  cleaning  of  firesides. 

3.  High  corroaion  rate  of  above-deck  eqMip- 
ment  associated  with  exposure  to  products  of 
combustion  of  Navy  Special  Fuel  Oil. 

4.  Substantially  below  average  retention  rate 
of  Navy  enlisted  personnel  who  perform  boiler 
cleaning  operations. 

Testing  planned  completion  date  1975,  is 
presently  tiOdng  place  with  diesel  engines  and 
gas  turbine  propulsion  plants;  the  results  of  these 
t<»st&  are  to  be  evaluated  for  the  ''Single- Fuel'' 
Navy  concept,  which  will  permit  the  Navy  to 
operate  either  steam  diesel,  or  gas  turbine 
driven  propulsion  plants  with  one  and  the  same 
type  fuel. 

GENERAL  TRENDS 

In  conclusion,  it  may  be  of  interest  to  note 
some  general  trends  in  naval  engineering  and  to 
hazard  a  few  predictions  concerning  possible 
future  developments. 


First,  we  may  expect  continuing  refinement 
and  Improvement  of  themachineryand  equipment 
now  in  use.  The  steamturblne,  the  diesel  engine, 
the  gas  turbine,  the  nuclear  propulsion  plant-all 
are  capable  of  further  development  and  perhaps 
Increased  efficiency.  We  may  reasonably  lookfor 
new  designs  in  boiler  s,turblnes,  reducing  gears, 
bearings,  propellers,  condensers  and  otherheat 
exchangers,  and  a  wide  variety  of  auxillaryma- 
chlnery.  Some  improvements  may  be  aimed  at 
reducing  mechanical  losses,  othersat  increasing 
the  utilization  of  power  developed  by  the  prime 
mover,  others  at  reducing  noise  levels,  and  still 
others  at  minimizing  maintenance  requirements. 

We  may  look  forward  to  the  introduction  of 
new  engineering  materials-metals  and  alloys, 
plastics,  ceramics,  lubricants,  and  others.  We 
maiy  watchfor— thoughnot  necessarily  count  on— 
a  materials  breakthrough  that  would  raise  the  ^ 
upper  temperature  limits  of  our  present  ma-  | 
chlnery.  If  it  is  not  possible  to  devise  new  ma- 
terials to  withstand  ultra-high  temperatures,  we  / 
may  perhaps  look  for  new  designs  that  will  enable 
us  to  utilize  higher  temperatures  with  some  of 
our  present  materials.  We  may  also  expect  new  ; 
and  improved  techniques  for  welding  or  other- 
wise joining  metals,  new  methods  of  metal  form-  i 
ing  and  shaping,  new  methods  of  treating  metals 
to  obtain  desired  properties,  and  new  procedures 
for  the  nondestructive  testing  of  engineering  ma- 
terials. 

In  the  more  distant  future,  peihaps,  we  might 
look  for  some  entirely  new  concepts  of  ship  pro-  i 
pulsion.  In  particular,  we  might  expect  to  see 
ship  and  machinery  designs  tending  toward  the  \ 
ultimate  goal  of  integrating  the  prime  mover,  the  ! 
propulsive  device,  the  steering  device,  and  the  j 
hull  form  Into  one  coordinated  unit.  Designers  of  , 
ships  and  propulsion  machinery  have  long  looked 
with  envy  at  the  fully  integrated  propulsion  sys- 
tems of  many  fish,  and  a  good  deal  of  work  has 
been  done  in  analjrzing  fish  propulsion  with  a  view 
to  picking  up  some  usable  ideas.  One  approach 
that  has  been  suggested  is  to  effect  undulation  of 
a  flexible  hull,  by  pumping  water  in  a  sinusoidal 
path  through  a  series  of  compartments.  Still 
another  approach  utilizes  a  series  of  undulating  ; 
plates.  Although  no  type  of  simulated  fish  pro-  i 
pulsion  is  even  close  to  being  operational  at  pres-  | 
ent,  these  approaches  should  not  be  dismissed  ] 
as  frivolous  or  trivial.  A  great  deal  has  already 
been  learned  through  biological  and  simulation 
studies  of  fish  propulsion. 

Altogether,  we  may  expect  the  future  to  bring 
at  least  a  few  surprises,  a  few  practical  results 
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from  ideas  which  at  the  moment  might  be  classi- 
fied as  exotic  If  not  downright  ludicrous.  There 
is  at  present  a  great  proliferation  of  new  ideas 


In  the  field  of  naval  engineering,  and  some  of 
these  ideas  will  doubtless  find  application  In  the 
propulsion  plants  of  the  future. 
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combustion  requirements,  265-267 

conqEKments,  235-245 
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Propulsion  machinery  arrangement,  103-105 
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turbine  classification,  324-327 
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Pumps  and  forced  draft  Mowers,  301-421 
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mixed-flow,  411 
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components,  555-577 
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Reducing  valves,  377 
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Rotary  pumps,  403-407 
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StabUity  curves,  39«42 

cross  curves,  41 

effects  of  draft  on  righting  arm,  39-41 
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Steam  turblne.prqpuisiqn  plant,  333-347 
Stqp^check  valves,  376 
Strainers jgmd  filters,  371 
Strdboscopic  tachometers,  149 
Structural  dieunage-repair  of,  71-73 
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Thermocoiqde  pyr<mieters,  134 
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